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ABSTRACT 


A fuel cycle that employs 733U denatured with 238U and mixed with thorium fertile 
material is examined with respect to its proliferation-resistance characteristics and its 
technical and economic feasibility. The rationale for considering the denatured 233U fuel 
cycle is presented, and the impact of the denatured fuel on the performance of Light-Water 
Reactors, Spectral-Shift-Controlled Reactors, Gas-Cooled Reactors, Heavy-Water Reactors, 
and Fast Breeder Reactors is discussed. The scope of the R,D&D programs to commercialize 
these reactors and their associated fuel cycles is also summarized and the resource require- 
ments and economics of denatured 233U cycles are compared to those of the conventional 
Pu/U cycle. In addition, several nuclear power systems that employ denatured 233U fuel 
and are based on the energy center concept are evaluated. Under this concept, dispersed 
power reactors fueled with denatured or low-enriched uranium fuel are supported by secure 
energy centers in which sensitive activities of the nuclear cycle are performed. These 
activities include 233U production by Pu-fueled "transmuters" (thermal or fast reactors) 
and reprocessing. A summary chapter presents the most significant conclusions from the 
study and recommends areas for future work. 
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CHAPTER 1 
INTRODUCTION: BACKGROUND 


D. E. Bartine, L. S. Abbott, and T. J. Burns 
Oak Ridge National Laboratory 
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1. INTRODUCTION: BACKGROUND 


In the mid-1940s, as the nuclear era was just beginning, a prestigious group includ- 
ing Robert Oppenheimer and ied by David Lilienthal, the first chairman of the U.S. Atomic 
Energy Commission, was commissioned by Under Secretary of State Dean Acheson to recommend 
ways that the benefits of nuclear energy could be shared with the world without the dangers 
of what we now refer to as “nuclear proliferation": that is, the creation of numerous 
nuclear weapons states. The report! they submitted states that "the proposed solution is 
an international institution and framework of treaties and agreements for cooperative 
operation of sensitive nuclear technology." At the same time, the committee proposed 
several possible technological developments to help implement an international system, 
including the denaturing of reactor fuels. They also suggested the restriction of the 
most sensitive activities within a nuclear cycle to ‘nuclear energy arenas. 


In the subsequent years several steps have been taken toward international coopera- 
tion in the political control of the potential for making nuclear weapons. In 1953 the 
Atoms for Peace Program was initiated by the U.S. and in 1957 the International Atomic 
Energy Agency was formed, one of its chartered responsibilities being the safeguarding of 
fissile material and the reduction of the potential for the production of nuclear weapons. 
In 1970 these efforts resulted in a nonproliferation treaty that was drafted by the U.S. 
and the U.S.S.R. and subscribed to by 116 nations. As the dialog has continued, inevit- 
ably all serious studies of the problem, including the most recent studies, have arrived 
at the same conclusion as the Acheson committee: international cooperation and safeguards 
with technological supports are mandatory -- or to state it another way, no purely tech- 
nological fix to prevent nuclear proliferation is possible. 


It was against this background and largely through the initiatives of President 
Carter that an International Nuclear Fue? Cycle Evaluation Program (INFCE) was established 
in the Fall of 1977 to study how proliferation-resistant nuclear fuel cycles could be 
developed for world-wide nuclear generation of electrical power. At the same time a U.S. 
Nonproliferation Alternative Systems Assessment Program (NASAP) was formed to.carry out 
intensive studies that would both provide input to INFCE and recommend technical and 
institutional approaches that could be implemented with various nuclear fuel cycles 
proposed for the U.S. ; 


The principal. proliferation concern in civilian nuclear power fuel cycles is the pos- 
sible diversion of fissile material to the fabrication of nuclear weapons. If obtained in 
sufficient quantities, the fissile material employed in any nuclear fuel cycle can be pro- 
cessed into weapons-usable material,-but fuel cycles that are considered to offer the least 
resistance to diversion are those that include weapons usable materia? that can be chemi- 
cally separated from all the other materials in the cycle. The 235U in the low-enriched 
uranium (LEU) fuel used by currently operating Light-Water Reactors (LWRs) cannot be chemi- 
cally separated because it is embedded in a matrix of 238U. To extract the 235U from the 238U 
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would require isotopic separation which is technologically difficult and for which few 


facilities in the world currently exist. The uranium mixture itself could not be used for 


weapons fabrication because the concentration of the fissile component is too low. 


By contrast, the plutonium in the Pu/U mixed oxide fuel cycle developed for fast 


breeder reactors such as the Liquid Metal Fast Breeder (LFMBR) can be chemically separated 


from the other materials in the cycle. Thus, as presently developed, the Pu/U fuel cycle 


ts perceived to be less proliferation resistant than the LEU cycle. This facet of the 


_ FBR-Pu/U fuel cycle was obviously a major factor in the Administration's decision in 


April, 1977, to defer commercialization of the LMFBR in the United States. 


Another concern about plutonium centers on its presence in the “back end" of the 
LEU fuel cycle. While it does not exist in the "front end" of the cycle (that is, in the 
fresh fuel), plutonium is produced in the 238U of the fuel elements during reactor opera- 
tions. Thus the spent LWR elements contain fissile plutonium that is chemically extract- 
able. The fuel cycle technology includes steps for reprocessing the elements to recover 
and recycle the plutonium, together with other unburned fissile material in the elements, 


but to date this has not been done in the U.S. and currently a moratorium on U.S. commercial 


reprocessing is in effect. As a result, the spent fuel elements now being removed from 
LWRs are being stored on site. Because initially they are highly radioactive due to a 
fission-product buildup, the spent elements must be heavily shielded, but as their radio- 
activity decays with time less shielding will be required. 


Various nuclear "alternatives" are being proposed by the U.S. and other countries 
for international consideration in lieu of the classical Pu/U cycle. One proposal is 
that nations continue marketing LWRs and other types of thermal reactors fueled with 
natural or low-enriched uranium. A moratorium on reprocessing would be adopted, and 
the spent fuel would be stored in secure national or international centers such as has 
recently been proposed by the United States, the security of the fuel being transported 
to the centers being provided by its fission-product radioactivity. This scenario assumes 
a guarantee to the nuclear-power-consuming nations of a fuel supply for the approximately 
30-year economic life of their nuclear plants. : : 


Other proposals that assume the absence of reprocessing (and thus do not include 
recycle of uranium and/or plutonium) are aimed at improving the tn-s¢tu utilization of 
fissile material within the framework of current light-water technology. Light-water 
reactor options such as improved refueling patterns and cycle "coastdown" procedures, as 
wel] as more extensive modifications (such as increasing the design burnup), are being 
studied. Significant gains in resource utilization also appear possible with the intro- 
duction of “advanced converter" designs based on Heavy-Water Reactors (HWRs), Spectral- 
Shift-Controlled Reactors (SSCRs), or High-Temperature Gas-Cooled Reactors (HTGRs). 
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While these various proposals could be useful for increasing the energy generated 
from the uranium resource base while recycling is disallowed, they will not provide the 
"inexhaustible" supply of nuclear fuel that has been anticipated from the commercialization 
of fuel recycle and breeder reactors. To provide such a supply would require the separation 
and reuse of the “artificial” fissile isotopes 239Pu and 233U. It was under the assumption 
that recycle would occur, initially in LWRs, that the technology for the Pu/U mixed-oxide 
fuel cycle, in which 239Pu is bred from 238U, was developed. However, for the reasons 
stated above, the proliferation resistance of the cycle as currently developed is perceived 
as being inadequate. Its proliferation resistance could be increased by deliberately 
"spiking" the fresh fuel elements with radioactive contaminants or allowing them to retain 
some of the fission products from the previous cycle, either of which would discourage 
seizure by unauthorized groups or states. The feasibility of these and other possible 
modifications to the cycle are currently under study. In addition, the employment of 
full-scope safeguards, including extensive fissile monitoring procedures, is being 
investigated for use with the Pu/U cycle. 


Also under study are several "alternate" fuel cycles based on the use of the 
artificial fissile isotope 235 which is bred in 232Th. One such cycle is the 2 33U/238U/232Th 
cycle proposed by Feiveson and Taylor,? and it is this cycle that is the subject of this 
report. In the 23 5/2 38y/232Th fuel cycle the 239% is mixed with 238 which serves as a 
denaturant. The fertile isotope 222Th is included to breed additional 233U. The 
addition of the 238y denaturant makes the proposed fuel cycle similar to the 2 35u/238y 
cycle currently employed in LWRs in that extracting the 233U for weapons fabrication would 
require isotope separation facilities. Since 235 does not occur in nature, the cycle is 
also similar to the 2 39pu/238U cycle in that reprocessing will be necessary to utilize the 
bred fuel. However, as suggested by the Acheson Committee and again by Feiveson and Taylor, 
reprocessing and other sensitive activities could be restricted to secure energy centers 
and still allow power to be generated outside the centers. 


It is the purpose of this report to assess in the light of today's knowledge the 
potential. of the denatured 233y fuel cycle for meeting the requirements for electrica] 
power growth while at the same time reducing proliferation risks. Chapter 2 examines 
the rationale for utilizing the denatured fuel cycle as a reduced proliferation measure, 
and Chapter 3 attempts to assess the impact of the isotopics of the cycle, especially 
with respect to an implied tradeoff between chemical inseparability and isotopic 
separability of the fuel components. Chapter 4 examines the neutronic performance of 
various reactor types utilizing denatured 233y fuel, and Chapter 5 discusses the require- 
ments and projections for implementing the cycle. Chapter 6 then evaluates various nucl- 
ear power systems utilizing denatured fuel. Finally, Chapter 7 gives summations of the 
safeguards considerations and reactor neutronic and symbiotic aspects and discusses the 
prospects for deploying denatured reactor systems. Chapter 7 also presents the overall 
conclusions and recommendations resulting from this study. 
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The reader will note that throughout the study the U.S. has been used as the base 
case. This was necessary because the available input data -- that is, resource base 
estimates, projected reactor and fuel cycle development schedules, and assumed power 
growth rates -- are all of U.S. origin. However, with access to corresponding data for 
an international base, the study could be scaled upward to cover an interdependent world 


model. 
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2.0. INTRODUCTION 


The primary rationale for considering the proliferation potential of the nuclear 
fuel cycles associated with civilian power reactors derives from two opposing concerns: 
the possibility of nuclear weapons proliferation versus a need for and the perceived 
economic/resource benefits of a nuclear-based generating capacity. At the outset it should 
be emphasized that a civilian nuclear power program is not the only proliferation route 
available to nonnuclear weapons states. The countries that have developed nuclear explosives 
to date have not relied on a civilian nuclear power program to obtain the fissile material. 
Rather, they have utilized enrichment facilities, plutonium-production. reactors, and, more 
recently, a research reactor. Moreover, as opposed to a deliberate (and possibly clande- 
stine) weapons-development program based upon a national decision, nuclear power programs 
are currently subject to international monitoring and influence in most cases. Thus while 
civilian nuclear power does represent one conceivable proliferation route, if it is made 
less attractive than other possible routes, proliferation concerns should not inhibit the 
development of commercial nuclear power. 


Proliferation concerns regarding civilian nuclear power programs center on two 
intrinsic characteristics of the nuclear fuel cycle. First, nuclear reactor fuel 
inherently provides a potential source of fissile material from which production of 
weapons-grade material is possible. Second, certain fuel cycle components, particularly 
enrichment and reprocessing facilities, exacerbate the proliferation problem since they 
provide a technological capability which could be directed towards weapons development. 
The term “latent proliferation" has been coined by Feiveson and Taylor! to cover these 
characteristics of the nuclear fuel cycle which, although not pertaining directly to 
weapons development,.by their existence facilitate a possible future decision to 
establish such a capability. 


It should be noted that the problem of latent proliferation impacts even the "“once- 


through" low-enriched uranium (LEU) cycle currently employed in light-water reactors (LWRs) 


and also the natural-uranium cycle utilized in the Canadian heavy-water systems (CANDUs). 
The technology required to enrich natural uranium to LWR fuel represents a technological 
capability which could be redirected from-peaceful purposes. In addition, the plutonium- 
containing spent fuel, albeit dilute and contaminated with highly radioactive fission 


products, represents a source of potential weapons material. Thus the possibility of 


proliferation exists even for the fuel cycles now in use. This has already been recog- 
nized and it has been proposed! »2 that internationally controlled fuel cycle service 
centers be established whose purpose would be ‘to preclude subversion of sensitive 
technology (such as enrichment technology) and to provide facilities for the assay and 
secure storage of spent once-through reactor fuel. 


The establishment of such fuel cycle service centers is currently receiving serious 
consideration. As the costs of U303 production increase (and as it is preceived that long- 
term reliance on nuclear power is necessary), the expansion of the fuel cycle service center 
to include reprocessing activities will become attractive. The expansion would allow the 
235 remaining in the spent fuel to be utilized. It would also allow the artificial (that 
is, "manufactured") fissile isotopes produced as a direct result of the power production 
process to be recycled. Of the latter, only two possible candidate isotopes exist: 239py 
and 233y, In considering these two isotopes, it appears that the proliferation aspects of 
their possible recycle scenarios are considerably different. In fact, the rationale for the 
present study is the need to determine whether 233U-based recycle scenarios have significant 


proliferation-resistant advantages compared with plutonium-based recycle scenarios. 


2.1. INTERNATIONAL PLUTONIUM ECONOMY 


Prior to President Carter's April 7, 1977, nuclear policy statement, the reference 
recycle fuel scenario had been based on plutonium, referred to by Feiveson and Taylor! as 
the "plutonium economy." In this scenario the plutonium generated in the LEU cycle would 
be recycled as feed material first into thermal reactors and later into fast breeders, 
these reactors then operating on mixed Pu/U oxides instead of on uranium oxide alone. As 
with any recycle scenario, the plutonium-based nuclear power economy would require the 
operation of spent fuel reprocessing facilities. If dispersed throughout the world, such 
reprocessing technology, like uranium enrichment technology, would markedly increase the 
latent proliferation potential inherent in the nuclear fuel cycle. Of course, such facili- 
ties could also be restricted to the fuel cycle service centers. However, the plutonium 
recycle scenario introduces a far greater concern regarding nuclear proliferation since 
weapons-usable material can be produced from the fresh mixed oxide fuel through chemtecal 
separation of the plutonium from the uranium, whereas to obtain weapons-usable material from 
LEU fuel requires <tsotopie enrichment in 235U. 


Since the fresh mixed oxide (Pu/U) fuel of the reference cycle is vulnerable to chemical 


separation, not only are the fuel fabrication facilities of the cycle potential sources of 
directly usable weapons material, but also the reactors themselves. While restriction of 
mixed oxide fabrication facilities to safeguarded centers is both feasible and advisable, 

it is unlikely that the reactors can be centralized into a few such internationally con- 
trolled centers, Rather they will be dispersed outside the centers, which will necessitate 
that fresh fuel containing plutonium be shipped and stockpiled on a global scale and that 

it be safeguarded at all points. Thus, as pointed out by Feiveson and Taylor,! the plu- 
tonium recycle scenario significantly increases the number of nuclear fuel cycle facilities 
which must be safeguarded. The prospect of such widespread use of plutonium and its as- 
sociated problems of security have led to an examination of possible alternative fuel cycles 
aimed at reducing the proliferation risk inherent in recycle scenarios. One such alternative 
fuel cycle is the denatured 235U fuel cycle which comprises the subject of this report. 
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2.2. THE DENATURED 233U FUEL CYCLE 


In the denatured 233y cycle, the fresh fuel would consist of a mixture of fissile 233U 
diluted with 238U (the denaturant) and combined with the fertile isotope thorium. The pre- 
sence of a significant quantity of 23°U denaturant would preclude direct use of the fissile 
material for weapons purposes even if the uranium and thorium were chemically separated. As 
in the LEU cycle, an additional step, that of isotopic enrichment of the uranium, this time 
to increase its 233U concentration, would be necessary to produce weapons-grade material, 
and the development of an enrichment capability would require a significant decision and com- 
mitment well in advance of the actual diversion of fissile material from the fresh fuel. 

This is in contrast to the reference Pu/U fresh fuel for which only chemical separation would 
be required. Moreover, even if such an enrichment capability were developed, it would ap- 
pear that enriching clandestinely obtained natural uranium would be preferable to diverting 
and enriching reactor fuel, whether it be denatured 233U or some other type, since the reactor 
fuel would be more internationally “accountable.” 


The primary advantage of the denatured fuel cycle is the inclusion of this "isotopic 
barrier" in the fuel. Whereas in the plutonium cycle no denaturant comparable to 23°U exists 
and the fresh fuel safeguards (that is, physical security, international monitoring, etc.) 
would all be external to the fuel, the denatured 233U fuel cycle would incorporate an in- 
herent safeguard advantage as a physical property of the fuel itself. Like the plutonium 
cycle, the denatured fuel cycle would require the development of fuel cycle centers to 
safeguard sensitive fuel cycle activities such as reprocessing (but not necessarily refabri- 
cation). However, unlike the plutonium cycle, the denatured fuel cycle would not require 
the extension of such stringent safeguard procedures to the reactors themselves, and they 
are the most numerous component of the nuclear fuel cycle. (As noted above, LEU fuel is also 
"denatured" in the sense that a low concentration of 235U is included in a 238U matrix. 
Similarly, natural uranium fuel is denatured. Thus, these fuels also have the proliferation- 
resistance advantages of the isotopic barrier.) 


The concept of denatured 233U fuel as a proliferation-resistant step is addressed 
principally at the front end of the nuclear fuel cycle, that is, the fresh fuel charged 
to reactors. The 238U denaturant will, of course, produce plutonium under irradiation. 
Thus, as in the LEU and mixed oxide cycles, the spent fuel from the denatured cycle is a 
potential source of plutonium. However, also as in the LEU and mixed oxide cycles, the 
plutonium generated in the spent fuel is contaminated with highly radioactive fission. products. 
Moreover, the quantity of plutonium generated via the denatured fuel cycle will be signif- 
icantly less than that of the other two cycles. Further, the decision to use spent 


_ reactor fuel as a source of weapons material requires a previous commitment to the develop- 


ment of shielded extraction facilities. In summary, the use of a denatured fuel as a 
source of weapons material implies one of two strategic decisions: the development of an 


isotopic enrichment capability to process diverted fresh fuel, or the development of a, fis- 
sile extraction capability (chemical or isotopic) to process diverted spent fuel. In 





contrast, while the plutonium cycle also would require a strategic decision concerning the 
spent fuel, the decision to utilize the fresh mixed oxide fuel would be easier and thus 
would be more tactical in nature. 


A subsidiary proliferation-related advantage of the denatured fuel cycle is the 
presence of 232y (and its highly radioactive decay daughters) in the fresh fuel. The 232U, 
an unavoidable byproduct in the production of 233U from 232Th, constitutes a chemically 
inseparable radioactive contaminant in the fresh fuel, which would be a further deterrent 
to proliferation. Similar contamination of mixed Pu/U oxide fuel has been proposed via 
"spiking" the fuel with fission products or preirradiating it to produce the fission products 
in situ, but both these options would involve significant perturbations to the Pu/23®U fuel 
cycle as opposed to the "natural" contamination of thorium-based fuels. Additionally, the 
artificial spike of. mixed oxide fuel would be subject to chemical elimination, albeit re- 
quiring heavily shielded facilities. The natural spike of the denatured fuel (that is, the 
232y decay daughters) would also be subject to chemical elimination, but the continuing 
decay of the 232U would replace the natural spike within a limited period of time. 


233y also has the advantage of a higher fissile worth in thermal reactors than 2°9Pu, 
both in terms of the energy release per atom destroyed and in terms of the conversion ratio 
(see Section 4.0). Commercial thermal reactors are currently available and are projected 
to enjoy a capital cost advantage over proposed fast breeder reactors. Additionally, the 
technological base required for installation and operation of a thermal system is less 
sophisticated than that for fast systems such as LMFBRs. Thus it appears likely that near-~ 
term scenarios will be dominated by current and proposed thermal systems. In considering 
possible replacement fissile materials for the limited 235U base, the worth of the replace- 
ment fuels in the thermal systems is of some importance. 


One important factor which must be considered in discussing the denatured fuel cycle 
is the potential source of the required fissile material, 239U., It appears likely that 
current-generation nuclear power reactors operating on the denatured cycle will require an 


external source of 233U to provide makeup requirements. Moreover, even if future de~ 
natured reactors could be designed to be self-sufficient in terms of 233U, there would stil] 


remain the question of the initial 233U loading. One possible source of the required 233U 
is a 233U production reactor located in the fuel cycle service center (now perhaps more 
accurately termed an energy center). This system would be fueled with plutonium and would 
both produce power and transmute 232Th into 233U, which could then be denatured for use out- 
side the secure energy center. Loosely termed a transmuter, such a reactor would be con- 
strained to the energy center because of its utilization of plutonium fuel. The required 
plutonium for the transmuters is envisioned as coming initially from reprocessed LEU fuel, 
and later, in the more mature system, from plutonium produced in energy-center reactors or 
via the 238U denaturant in dispersed reactors. Thus, in mature form a symbiotic system such 
as that depicted in Fig. 2.2-1 will evolve in which the energy center transmuters produce 
fuel (233U) for the dispersed reactors and consume the plutonium produced by the dispersed 
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‘denatured reactors or by energy-center reactors. The dispersed reactors in turn are 
provided a source of 233U for initial loading and makeup requirements, as well as a means 
for disposing of the non-recyclable (in the dispersed reactors) plutonium. The significant 
point of such a system is that no plutonium-containing fresh fuel circulates outside the 
energy center. The plutonium contained in the spent fuel is returned to the center for 
ultimate destruction. 
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Fig. 2.2-1. Schematic Fuel: Flow for Symbiotic System Consisting of an 
Energy Center and Dispersed Reactors Operating on Denatured 233U Fuel. 


One obvious concern regarding such a coupled system is the amount of power produced 
by the dispersed systems relative to that produced in the energy center reactors. The 
power ratio,* defined as dispersed power generated relative to centralized power, can be 
viewed as a parameter characterizing the practicality of the system.. While the power 


‘ratio depends on the characteristics of the reactors actually utilized for the various 


components and is considered in detail later in this report, certain generic statements ~- 
can be made. In a mature "safeguarded" plutonium cycle, the ratio would be zero since 

all reactors would, of necessity, be located in energy centers. In the current open-ended 
LEU cycles, this ratio is essentially infinite since current nuclear generating capacity 
is dispersed via "naturally denatured" thermal systems. The denatured 233U cycle will fall 


¢ 


“Also called “energy support ratio." 





between these two extremes, and thus the proposed system's power ratio will be a crucial 


evaluation parameter. 


The symbiotic system depicted by Fig. 2.2-1 can also be characterized by the type 
of reactors utilized inside and outside the center. In general, systems consisting of 
thermal (converter) reactors only, systems consisting of both thermal converters and fast 
breeder reactors, and systems consisting solely of fast breeder reactors can be en-~ 
visioned.* One important characteristic of each system is the extent to which it must rely 
on an external fuel-supply to meet the demand for nuclear-based generating capacity. The 
thermal-thermal. system would be the most resource-dependent. The breeder-thermal system 
could be fuel-self~sufficient for a given power level and possibly also provide for moderate 
nuclear capacity growth. The breeder-breeder scenario, if economically competitive with 
alternative energy sources, would permit the maximum resource-independent nuclear contribu- 
tion to energy production. 


While such considerations serve to categorize the symbiotic systems themselves, the 
transition from the current once-through LEU cycles to the symbiotic systems is of more 
immediate concern. Although all-breeder systems would be resource-independent, commercial 
deployment of such systems is uncertain. The transition to the denatured cycle could be 
initiated relatively soon, however, by using moderately enriched 235U/238U mixed with 
thorium (sometimes referred to as the "denatured 235U fuel cycle") in existing and pro- 
jected thermal systems. The addition of thorium (and the corresponding reduction of 236 
over the LEU cycle) would serve a dual purpose: the quantity of plutonium generated would 
be significantly reduced, and an initial stockpile of 2350 would be produced. It should 
be noted that this rationale holds even if commercial fuel reprocessing is deferred for 
some time. Use of denatured 2 35U fuel would reduce the amount of plutonium contained in 
the stored spent fuel. In addition, the spent fuel would represent a readily accessible 
source of denatured 233U should the need to shift from 235U arise. However, substituting 
232Th for some of the 238U in the LEU cycle would require higher fissile loadings and thus more 
235y would be committed in a shorter time frame than would be necessary with the LEU cycle. 

An alternative would be to utilize energy-center Pu-burning transmuters to provide the initial 
source of 2334 for dispersed 233U-based reactors. From these starting points, various scenarios 
which employ thermal or fast energy-center reactors coupled with denatured thermal or fast 
dispersed reactors can be developed. , 


On the basis of the above, eight general scenarios have been postulated for this study, 
with two sets of constraints on Pu utilization considered: either plutonium will not be al- 
lowed as a recycle fuel but recycle of denatured 233U will be permitted; or plutonium wi2Z 
be allowed within secure energy centers with only denatured fuels being acceptable for use at 
dispersed site reactors. The eight scenarios can be summarized as follows: 


“see Section 4.0 for discussion of reactor terminology as applied in this study. 
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1. Nuclear power is limited to low-enriched uranium-fueled (LEU) thermal reactors operat- 
‘ing on a stowaway cycle (included to allow comparisons with current policy). 


2. LEU reactors with uranium recycle are operated outside secure energy centers and thermal 
reactors with plutonium recycle are operated inside the centers. 


3. Same as Scenario 2 plus fast breeder reactors (FBRs) operating on the Pu/U cycle are 
deployed within the centers. 


4, LEU reactors and denatured 235U and denatured 233U reactors are operated with uranium 
recycle, all in dispersed areas; no plutonium recycle is permitted. 


5. Same as Scenario 4 plus thermal reactors operating on the Pu/Th cycle are permitted 
within secure energy centers. 


6.° Same as Scenario 5 plus FBRs with Pu/U cores and thorium blankets ("light" transmuta- 
tion reactors) are permitted within secure energy centers. 


7. Same as Scenario 6 plus denatured FBRs with 233y/238y cores and thorium blankets are 
permitted in dispersed areas, 


8. The "light" transmutation FBRs of Scenario 7 are replaced with "heavy" transmutation 
reactors with Pu/Th cores and thorium blankets. 


2.3. SOME INSTITUTIONAL CONSIDERATIONS OF THE DENATURED FUEL CYCLE 


As stated above, the implementation of the denatured fuel cycle will entail the 


_ creation of fuel cycle/energy centers, which will require institutional arrangements to 


manage.and control such facilities. The advantages and disadvantages of such centers, 
whether they be regional, multinational, or international, aS well as the mechanisms re- 
quired for their implementation, have been reported.3°* Although a detailed enumeration of 
the conclusions of such studies are beyond the scope of this particular discussion, certain 
aspects of the energy center concept as it relates to the denatured fuel cycle are relevant. 


Since only a few thousand kilograms of *33U currently exist, it is clear that 
production of 233y will be required prior to full-scale deployment of the denatured 233y 
cycle. If the reserves of economically recoverable natural uranium are allowed to become 
extremely limited before the denatured cycle is implemented, most if not all power pro- 
duced at that time would be from energy-center transmuters. Such a situation is clearly 
inconsistent with the principle that the number of such centers and the percentage of 
total power produced in them be minimized. A gradual transition in which 2 35-based 


dispersed reactors are replaced with denatured 233j-based dispersed reactors and their 


accompanying energy-center transmuter systems is thus desirable. 


The proposed denatured fuel cycle/energy center scenario also presents an additional 
dimension in the formulation of the energy policies of national states - that of nuclear 
interdependence. By the very nature of the proposed symbiotic relationship inherent in 





the denatured cycle, a condition of mutual dependence between the dispersed reactors and the 
energy-center reactors is created. Thus while nations choosing to operate only denatured 
(i.e., dispersed) reactors must obtain their fuel from nations that have energy-center trans- 
muters, the nations operating the transmuters will in turn rely on the nations operating 
dispersed reactors for their transmuter fuel requirements (Pu). Hence, in addition to the 
possible nonproliferation advantages of the denatured fuel cycle, the concept also intro- 
duces a greater flexibility in national energy policies. 
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3.0. INTRODUCTION 


T. J. Burns and L. S. Abbott 
Oak Ridge National Laboratory 


An assessment of the denatured 233U fuel cycle - both for meeting the requirements 
for electrical power growth and for reducing the risks of nuclear weapons proliferation - 
invariably must include an examination of the isotopics of the cycle. It has been 

pointed out in Chapters 1 and 2 that the concept of the denatured 233U cycle is an attempt 
to retain the isotopic barrier inherent in the currently used LWR low-enriched 235y (LEU) 
cycle but at the same time to allow the production and recycling of new fuel. In both the 
denatured and the LEU cycles the isotopic barrier is created by diluting the fissile 
isotope with 258U, so that the concentration of the fissile nuclide in any uranium chemical- 
ly extracted from fresh fuel would be sufficiently low that the material would not be 
directly usable for weapons purposes. This is in contrast to the two reference fuel cycles, 
the Pu/U cycle, and the HEU/Th cycle. In both of these cycles, weapons-usable material 
could be extracted from the fresh fuel via chemical separation. Of course, as shown in 
Table 3.0-1, chemically extractable fissile material is present in the spent fuel elements 
of all these cycles; however, the spent elements are not considered to be particularly 
vulnerable because of the high radioactivity emitted by the fission products - at least 
initially. 


In this assessment of denatured 233U fuel, the implications of substituting the 
denatured fuel for the reference cycles of various reactors are examined. In addition to 
the obvious advantage of the isotopic barrier in the fresh fuel, denatured 233U fuel has 
an additional protection factor against diversion in that its fresh fuel is radioactive 
to a much greater extent than any of the other fuels listed in Table 3.0-1. This 
characteristic is due to the presence of the contaminant 232U, which is generated as a 
byproduct of the 233uU production process and which spawns a highly radioactive decay chain. 
As shown in Fig. 3.0-1, 232U decays through 22®Th to stable 298Pb, emitting numerous gamma 
rays in the process, the most prominent being a 2.6-MeV gamma ray associated with the decay 
of 29871, 


‘Table 3.0-1. Comparison of Principal Fissile and Fertile Nuclides in Some Reactor Fuels 


Fuel Fresh Fuel Nuclides Spent Fuel Nuclides 
Denatured 233 fuel 233y, 236y, 232Th 233y, Puf, 238y, 232Th. 
(with recycle) oo 
LEU (no recycle) 235y, 238y | 235y, Put, 238y 
LEU (with recycle) 235y, Puf, 238y 235y, Puf, 238y 
Pu/U (with recycle) Puf, 238y pu, 238y 
-HEU/Th (no recycle) 235y, 232Th 233y, 235y, 232Th 
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Fig. 3.0-1. Decay of 232U. 


In assessing the safeguard features 

must be examined from several viewpoints. 
an inherent property of the.denatured fuel 
238y, is controllable. 
the denatured fuel cycle. 


venting the intrinsic isotopic barrier is increased. 
also increases the 239Pu concentration in the spent fuel so that an obvious trade-off of 

proliferation concerns exists between the front and back ends of the denatured fuel cycle. 
As pointed out in Section 3.3.1, the enrichment criteria for denatured 233U fuel are still 


being formulated. 


stages of the cycle. But this requirement 


could dictate the selection of techniques, 
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The radioactivity associated with the 
233y significantly impacts the associated fuel 
cycle.. The fabrication, shipping, and handling 
of the fresh denatured fuel is expected to 
differ markedly from the other cycles, primarily 
due to the fact that remote procedures will 
have to be employed throughout. To design the 
necessary facilities will require a knowledge 
of the concentrations of 232U (and its daughter 
products) in the fuel as a function of time. 
To date, insufficient data are available on 
this subject, but on the basis of some pre- 
liminary investigations some estimates are 
given in Section 3.1:on the 232U concentrations 
that could be expected in the recycled fuel of 


LWRs, HTGRs, and FBRs operating on denatured 
233y, ‘ 


The radiological hazards associated with 
the use of denatured 233U fuel represent another 
aspect of the cycle demanding attention. Again 
little information is available, but Section 3.2 
discusses the toxicity of the various isotopes 
present in the fuel and also in thorium ore, 
as well as the effects of exposure to the gamma 
rays emitted from the fresh fuel. 


of denatured 2°3U fuel, the isotopics of the cycle 
While the 232U contamination will be essentially 
cycle, the concentration of the isotopic denaturant, 


The presence of both isotopes affects the proliferation potential of 
As the 238U concentration is increased, the difficulty of. circum- 


However, increasing the 238U fraction 


The requirement for remote operations throughout the fuel cycle will in itself 
constitute a safeguard feature in that access to fissile material will be difficult at all 


will.also be a complicating factor in the design 


of the fuel recycling steps and operations. This subject is treated in more detail in 
Chapter 5, but Section 3.3.2 of this chapter points out that the remote operation requirement 


as, for example, for the fuel fabrication process. 


C . 


re 
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The radioactivity of the 232U chain would also make it easier to detect diverted de- 
natured fuel and would complicate both the production of weapons-grade 233U from fresh 
denatured fuel] and its subsequent use in an explosive device. On the other hand, as 
discussed in Section 3.3.3, the radioactivity will inhibit passive, nondestructive assays 
for fissile accountability. 


Finally, the possible circumvention of the isotopic barrier must be addressed. In 
Section 3.3.4 it is postulated that a gas centrifuge isotope separation facility is avail- 
able for isotopically enriching diverted fresh denatured 233U fuel, and estimates are made 
of the amounts of weapons-grade material that could be so obtained. Conclusions are then 
drawn as to the relative attractiveness of denatured 233) fuel and other fuels to would-be 
diverters. 
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3.1. ESTIMATED *°?U CONCENTRATIONS IN DENATURED **°U FUELS 


‘D. T. Ingersoll 
Oak Ridge National Laboratory 


Although it is mandatory that the concentrations of 737U at each stage of the fuel 
cycle be predictable for the various reactors operating on thorium-based fuels, little 
information on the subject is available at this time. This is attributable to the fact 
that the interest in thorium fuel cycles is relatively recent and therefore the nuclear - 
data required for calculating the production of 7°7U have not been adequately developed. 
Of primary importance are the (n,y) cross sections of 7°!Pa, 7°°Th; and ?°?Th and the 
(n,2n) cross sections of 7°°U and 7°?Th, all ‘of which are intermediate interactions that 
can lead to the formation of 7°7U as is illustrated by the reaction chain given in Fig. 
3.1-1. These cross sections are under current evaluation’ and should appear in the Version 
V release of the Evaluated Nuclear Data File (ENDF/B-V). 


ORNL- OWG 77-15745 


In spite of the nuclear data deficien- 
cies, some results for 232U concentrations 
are available from calculations for denatured 
fuels in light-water reactors (LWRs) and in 
fast breeder reactors (FBRs). Although no 
results for denatured high-temperature gas- 
cooled reactors (HTGRs) are currently available, 
232 concentrations can be roughly inferred 
from existing HTGR fuel data. Moreover, the 
analysis of 232U concentrations in standard 
HTGR designs (HEU/Th) serves as an upper 
bound for the denatured systems. A compila- 
tion of the available results is given below. 
The current state of the related 232 nuclear 
data is amply reflected in the large variances 


Fig. 3.1-1 Important Reaction Chains of the calculated concentrations. 
Leading to the Production of 232U, 


3.1.1. Light-Water Reactor Fuels 


Existing data on 232U concentrations in denatured LWR fuels are primarily from cal- 
culations based on the Combustion Engineering System go™ reactor design.? Results from 
CE3 for a denatured 235U cycle (20% 235U-enriched uranium in 78% thorium) show the 232y 
concentration after the zeroth generation to be 146 ppm 232U in uranium, while after 
five generations of recycle uranium, the concentration is increased to 251 ppm. These 
levels are in good agreement with ORNL calculations,* which indicate 130 ppm 232U in 
uranium for the zeroth generation. The discharge uranium isotopics are summarized in 
Table 3.1-1. Also shown are the results from an ORNL calculation for a denatured 233U cycle 


a 


A 





(10% 223U-enriched uranium in 78% Th). The slight contribution from 7°*U reactions in- 
creases the 737U content to 157 ppm after the zeroth generation. 


Table 3.1-1. Discharge Isotopics for LWRs Operating on Denatured Fuels 





Isotopic Fraction 





Cycle 8 int 
232y 233y 23uy 235y 2361 238y 232TH 
235y/Th Fuel” | 
ce(0)? 0.0029 1.07 0.11 1.56 0.50 16.81 76.21 146 
ORNL(0) 0.0026 1.00 0.09 1.59 0.49 16.85 76.23 130 
CE(5) 0.0061 1.60 0.69 1.27 1.86 18.78 75.79 251 
233/Th Fuel® 
ORNL(O) «0.0037 —Ss«1.16 = 0.290.056 = 0.0052. «18.32 75.99. 157 





@Initial isotopics: 4.4% 295U, 17.6% 2°°U, 78% 2°?Th. 
>The number in parentheses represents the fuel g2aneration number, 


“Initial isotopics: 2.8% 233u, 19.2% 238u, 78% 232Th. 


3.1.2. High-Temperature Gas-Cooled Reactor Fuels 


Although calculations. for 232y concentrations in denatured HTGR fuels are not avail- 
able, it is possible to roughly infer this information from existing HTGR calculations if 
the expected changes in the thorium content are known. The conventional HTGR cycle begins 
with 93% 235Y-enriched uranium fuel and thorium fertile material, On successive cycles, 
the 233U produced in the thorium is recycled, thus reducing the required amount of 235U 
makeup. The *32U content of the recycled fuel becomes appreciable after only a few genera- 
tions. Table 3.1- 2 gives the uranium isotopics of the recycle fuel batches at the beginning 


of recycle and-at equilibrium EOSVEIE the latter showing a maximum =u concentration 
of 362 ppm in uranium. 


Table 3.1-2.. Uranium Isotopics for Commercial HTGR Recycled Fuel (HEU/Th) 





Isotopic Fraction 232y in U 
; 232y 233y 234y 235y 2364 a 
Beginning 0.000126 0.921 : 0.0735 0.00568 0.000245 126 
of recycle 
Equilibrium 0.000362 0.614 0.243 0.0802 0.0630 362 
recycle 


a SE SR A 
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The values in Table 3.1-2 are a result of a standard HTGR fuel composition which - 
has an average Th/23°U ratio of about 20. Preliminary estimates have been made of dena- 
tured HTGR fuels which assume a 20% denatured 235, leading to a 15% denatured 233y,6 
Because of the added 238 fertile material, the amount of thorium is correspondingly re- 
duced by about 30%, resulting in a similar reduction in the 232U production. The con- 
centration of 232U in total uranium would also be reduced by the mere presence of the 
diluting 238U, so that it can be estimated that a 15% denatured 233y HTGR would contain 
approximately 40 ppm 232U in uranium after equilibrium recycle. The lower 232U levels 
in the HTGR are primarily due to a softening of the neutron energy spectrum compared with 
that of the LWR. This results in a marked reduction in the 232Th(n,2n*) reaction rate, 
which is a prime source of 232y, 





3.1.3. Fast Breeder Reactor Fuels 


2324 concentrations calculated by Mann and Schenter? and by Burns® for various 
commercial-sized FBR fuel cycles are given in Table 3.1-3. Except for Case 2, these 





values were determined from reaction-rate calculations using 42 energy groups and one- 
dimensional geometry; the Case 2 results were determined from a coarse nine-group two- 


dimensional depletion calculation. 


It is important to note that Cases 1 and 2 represent the "transmuter" concept. All 


the discharged uranium (232U, 233u, 234U, and 235U) is bred from the 232Th initially 


charged and consists principally of 233y, 


This accounts for the high 232U/U ratio, which 


will be reduced by a factor of 5 to 8 in the denatured fuel manufactured from this mate- 
rial. Thus, denatured fuel generated via the fast Pu/Th transmuter is expected to have 
approximately 150-750 ppm 232U in uranium. 


Table 3.1-3. FBR Core Region 232U Discharge Concentrations 


a 


232y in U (ppm) 


No. Fuel t=] yr? t=2yr t= 3 yr = 5 yr 
No recycle 
1 10% 239Pu in Th 982 1710 2380 3270 
2 11% 239py in Th 1106 2376 3670 
3 10% 233Y in Th 288 830 - 1330 2210 
4 10% 233y in 238y 6.6 10.7 > 12.5 13.3 
With recycle 
5 10% 233y in Th 1820 2760 3260 
6 10% 233y in 238y 35 35 35 


@cases 1, 3-6 are from ref. 7; Case 2 is from ref. 8. 


P+ = fuel residence time for no recycle cases; t = burning time before recycle for 
recycle cases, 


acai 
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The last two cases in Table 3.1-3 give the equilibrium 232U concentrations assum- 
ing recycle of the 233U and the associated 232U. It should be noted that these two cases 
represent the extremes regarding. allowable enrichment (233U/U). For a 20% denatured fuel 
in which approximately half the heavy metal is 232Th, the expected 232U equilibrium con- 
centration would be ~ 1600 ppm (232U/U) for.a 3-yr cycle residence time. 


3.1.4. Conclusions 


The results presented in this section are, for the most part, preliminary and/or 
approximate. This is largely a consequence of the uncertainties in the anticipated fuel 
compositions, denaturing limits, recycle modes, etc., as well as the basic nuclear data. 
Also, the results assumed zero or near-zero 22°Th concentrations, which can approach signi- 
ficant levels depending cn the source of the thorium stock, particularly in thermal sys- 
tems. Because of the relevant cross sections, the presence of even small amounts of 23°Th 
can result in considerably higher 232U concentrations. It is possible to conclude, how- 
ever, that 232 concentrations will be highest for 233U-producing FBRs, increase with 
fuel recycle, and decrease with fissile denaturing. 


References for Section 3.1 
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3.2. RADIOLOGICAL HAZARDS OF DENATURED FUEL ISOTOPES 


H. R. Meyer and J. E. Till 
Oak Ridge National Laboratory 


Consideration of the denatured ?°3U cycle has created the need to determine the 
radiological hazards associated with extensive use of 7°°U as a nuclear fuel. These 
hazards will be determined by the toxicity of the various isotopes present in the fuel 
and in thorium ore, which in turn is influenced by the path through which the isotopes 
enter the body--that is, by inhalation or ingestion. In addition, the gamma rays emitted 
from the denatured fuel present a potential hazard. 


3.2.1. Toxicity of 7?°U and 7°7uU 


Only limited experimental data are available on the toxicity of high specific activ- 
ity uranium isotopes such as 7°3U and ?32U. Chemical toxicity, as opposed to radiological 
hazard, is the limiting criterion for the long-lived isotopes of uranium (7°5U and 7°®U) 
which are of primary concern in the light-water reactor uranium fuel cycle.' In order 
to establish the relative radiotoxicity of denatured ?2°U fuel, it is helpful to consider 
specific metabolic and dosimetric parameters of uranium and plutonium isotopes. Table 
3.2-1 lists several important parameters used in radiological dose calculations. The 
effective half life for 7°°Pu in bone is approximately 240 times that of uranium. How- 
ever, the effective energy per disintegration for 7°*U is about three times greater than 
that for any of the plutonium isotopes. In general, ‘the time-integrated dose from 
plutonium isotopes would be significantly greater than the dose from uranium isotopes 
for the inhalation pathway, assuming inhalation of equal activities of each radionuclide. 
Doses via the ingestion pathway, again on a per wpCi basis, are much lower than those esti- 
mated for the inhalation pathway. 


It is currently assumed that all bone-seeking radionuclides are five times more 
effective in inducing bone tumors than 72®Ra. However, the limited number of studies that 
have been conducted with ?°°U (ref. 2) and 7°7U (refs. 3-5) suggest a reduced effectiveness 
in inducing bone tumors for these isotopes and may result in use of exposure limits that 


are less restrictive than current limits. 


The last two columns in Table 3.2-1 represent dose conversion factors (DCFs) for 
uranium and plutonium isotopes calculated on the basis of mass rather than activity. It 
may be seen that the 7°2U "Mass DCFs" are more than four orders of magnitude greater than 
those for fissionable 7*°U, due largely to the high specific activity of 7°7U. This factor 
contributes to the overriding importance of 7*?U content when considering the radiotoxicity 


of denatured uranium fuels. 


Figure 3.2-1 illustrates the importance of 737U content with respect to potential 
toxicity of 7°5U fuel. This figure presents the estimated dose commitment. to bone .calcu- 
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Table 3.2-1. Metabolic Data and Dose Conversion Factors (DCFs) for Bone 
for Selected Uranium and Plutonium Isotope 


Activity Dose Conversion Mass Dose Conversion 


Effective Half Factor Factor 





Isotope sass oy ea Life in Bone? Thhalationb —“Tngestionb Inhalatione Ingestione 
(Days ) (rems/uCi) (rems/yCi) (rems/ug) _(rems/ug) 
232y 21.42 3.00 x 102 1.1 x 102 4.1 x 10° 2.4x 103 8.8 x 10! 
233y 9.48 x 10-3 3.00 x 102 2.2 x 10! 8.6 x 107! 2.1 x 107! 8.2 x 1073 
235y 2.14 x 1076 3.00 x 102 2.0 x 102 8.0 x 107! 4.3 x 1075 1.7 x 1076 
238y 3.33 x 1077 3.00 x 102 1.9 x 10! 7.6x 107! 6.3 x 107& 2.5 x 10-7 
23 8py 17.4 2.3. x 10% 5.7 x 103 6.8 x 1072 9.9x 10% 1.2 x 10! 
23 9py 6.13 x 10-2 7.2 x 104 6.6 x 103 7.9x 107! 4.0x 102 4.8 x 10-2 
240py 2.27 x 107} 7.1 x 10% 6.6 x 103 7.9x 107! 1.5 x 103 1.8.x 107! 





*International Commission on Radiological Protection, "Report of Committee II on Permissible 
Dose for Internal Radiation," ICRP Publication 2, Pergamon Press, New York, 1959. 


b 
Killough, G. G., and L. R. McKay, "A Methodology for Calculating Radiation Doses from 
Radioactivity Released to the Environment," ORNL-4992, 1976. 


“Product of specific activity and activity dose conversion factor. 


lated for inhalation of 10°!? g of unirradiated 7°°U HTGR fuel (193% 7°7U/U) as a function 
of the 73?U impurity content for two different times following separation at a reprocessing 
facility. The upper curve is-the dose commitment at 10 years after separation. Two basic 
conclusions can be drawn from these data. First as recycle progresses and concentrations 
of 232U become greater, the overall radiotoxicity of 7°3U fuel will increase significantly. 
Second, the ingrowth of 7°?U daughters in 7°°U fuel increases fuel radiotoxicity signifi- 
cantly for a given concentration of 732U. Although the data graphically illustrated in 
Fig. 3.2-1 were not specifically calculated for denatured *°*U fuel, the required data not 
being available, the relative shape of the curves would remain the same. All else being 
equal, the estimated radiotoxicity of denatured fuel would be reduced due to dilution of 
233y and 232U with 73°U, which has a low radiological hazard. 


A comparison of the dose commitment to bone resulting from inhalation of 10 '? g 
of three types of fuel, HTGR *°°U fuel, LWR 735U fuel, and FBR plutonium fuel, is given 
in Fig. 3.2-2. This analysis evaluates unirradiated HTGR fuel containing 1000 ppm 232U and 
does not consider fission products, activation products, transplutonium radionuclides, or 
environmental transport. As shown in Table 3.2-1, the inhalation pathway would be by 
far the most significant for environmentally dispersed fuels. Therefore, other potential 
pathways of exposure are not considered in this brief analysis. 





DOSE COMMITMENT TO BONE FROM INHALATION OF 10°%g OF FUEL (mrem) 





ORNL-DWG 75-—34172R3 
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Fig. 3.2-1. Effect of 232U Concentrations in HTGR Fuel (93% ?°3U/U) on Dose 


Commitment to Bone. 
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FBR PLUTONIUM FUEL 
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DOSE COMMITMENT TO BONE PER 10" g OF FUEL INHALED (mrem) 





TIME AFTER SEPARATION ( years) 


Fig. 3.2-2. Relative Radiotoxicity of FBR Plutonium Fuel, HTGR Fuel (93% 233U/u) 
and LWR Uranium Fuel as a Function of the Time after Separation at Reprocessing Plant. 


It is noted that Fig. 3.2-2 applies to fresh fuel as a function of time after separation, 
presuming it has been released to the environment. Inhalation long after release could result 
from the resuspension of radioactive materials deposited on terrestrial surfaces. A dose 
commitment curve for denatured ?**u fuel would be expected to lie slightly below the given 
curves for HTGR fuel; however, the denatured fuel would remain significantly more hazardous 
from a radiological standpoint than LWR uranium fuel. . 
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3.2.2 Toxicity of ?37Th 


Given the potential for radiological hazard via the mining of western U.S. thorium 
deposits as a result of implementation of 73?Th-based fuel cycles, current difficulties in 
estimation of 232Th DCFs must also be considered here. 


As is evident in Fig. 3.0-1 (see Section 3.0), both 7°?U and ?3?Th decay to ??°Th, 
and then through the remainder of the decay chain to stable 7°®Pb. 232) decays to 222Th 
via. a single 5.3-MeV alpha emission; 2°*Th decays via three steps, a 4.01-MeV alpha 
emission to *7®Ra, followed by serial beta decays to 7*°Th. The total energy released 
in the convergent decay chains is obviously nearly equal. 


The ICRP’ lists effective energies (to bone, per disintegration) as 270 MeV for 
232Th and 1200 MeV for 737U; these effective energies are critical in the determination 
of dose conversion factors to be used in estimation of long-term dose commitments. The 
large difference between the effective energies calculated for the two radionuclides is 


based on the ICRP assumption (ref. 7) that radium atoms produced by decay in bone of a 
thorium parent should be assumed to be released from bone to blood, and then redistributed 
as though the radium were injected intravenously. As a result, the presence of 77°Ra in 
the 732Th decay chain implies, under this ICRP assumption, that 90% of the ?7°Ra created 
within bone is eliminated from the body. Therefore, most of the potential dose from the 
remaining chain alpha decay events is not accrued within the body, and the total effective 
energy for the 732Th chain is a factor of 4.4 lower than that for 7°2U, as noted. 


Continuation and reevaluation of the early research®’® leading to the above dis- 
similarity indicated that the presumption of a major translocation of 77°Ra out of bone 
was suspect (refs. 10-14), and that sufficient evidence existed to substantiate retention 
of 97% of 228Ra in bone. Recalculation of effective energies for the 232Th chain on this 


basis results in a value of 1681 MeV as listed in ERDA 1451 (ref. 15), a substantial increase 


implying the need for more restrictive limits with respect to ***Th exposures. In con- 
trast to this argument, the 1972 report of an ICRP Task Group of Committee 2 (ref. 16) 

presents a newly developed whole-body retention function for elements including radium 

which effectively relaxes 7°?Th exposure limits. 


3.2.3 Hazards Related to Gamma-Ray Emissions 


While fuel fabricated from freshly separated *°*U emits no significant gamma radia- 
tion, ingrowth of 232U daughters leads to buildup of 2°°T] 2.6-MeV gamma radiation, as 
well as other gamma and x-ray emissions. As discussed elsewhere in this report, it is 
anticipated that occupational gamma exposures during fuel fabrication can be minimized by 
such techniques as remote handling and increased shielding. 
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Gamma exposure resulting from the transportation of irradiated fuel elements con- 
taining 737U will not be significantly different from that due to other fuels. Shielded 
casks would be used in shipment to control exposures to the public along transportation 
routes. Gamma exposure from 7°U daughters would be insignificant compared to exposure 
from fission products in. the spent fuel. 


Refabricated fuel assemblies containing 7°7U would require greater radiation 
shielding than LWR fuel. However, this problem can be minimized by shipping fresh assem- 
blies in a container similar in design to a spent fuel cask. Gamma doses to workers and 
to the general public due to transport of fuel materials between facilities are therefore 
expected to be easily controlled, and have been estimated to be low, perhaps one man-rem 
per 1000 MW(e) reactor-plant-year. '5 


The estimated -gamma hazard of environmentally dispersed 7°7U, while a significant 
contributor to externally derived doses, is overshadowed as a hazard by the efficiencies 
of internally deposited alpha emitters in delivering radiological doses to sensitive 


tissues. 


3.2.4. Conclusions 


Several conclusions can be made from this assessment. It appears that additional 
metabolic and toxicological data, both human and animal-derived, focusing on high specific 
activity uranium, would be helpful in assessing the radiological hazards associated with 
denatured 7°°Y fuel. Specifically, data on the biological effectiveness of 232U and 233u 
could modify exposure standards for these radionuclides. 


In terms of relative toxicities based on the dose commitment resulting from inhala- 
tion of equal masses of fuel, plutonium fuel is significantly more hazardous than HTGR 
7334 fuel or denatured 7°U fuel. However, denatured 7°5U fuel would be significantly more 
hazardous than LWR uranium fuel. As the range of fuel cycle options is narrowed, more 
comprehensive research should be directed at derivation of toxicity data specific to facil- 
ities and fuel compositions of choice. 


Research investigating potential environmental hazards resulting from deliberate 
introduction (for safeguards purposes) of gamma emitters into fuels prior to refabrication 
is necessary, as is a thorough investigation of the hazards related to repeated irradiation 
of recycle materials, with consequent buildup of low cross-section transmutation products. 
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3.3. ISOTOPICS IMPACTING FUEL SAFEGUARDS CONSIDERATIONS 
3.3.1. Enrichment Criteria of Denatured Fuel 


C. M. Newstead 
Brookhaven National Laboratory 


A very important problem in the determination of the characteristics of denatured 
fuel is the isotopic composition of the uranium, that is to say, the percent of 233U 
present in the mixture of 233U plus 238U, The guidelines provided by current regulations 
concerning the distinction between low-enriched uranium (LEU) and high-enriched uranium 
(HEU) are applicable to 235U, the limit being set at 20% 235U in 238U, Anything above 
that constitutes HEU and anything below that constitutes LEU. 


LEU is considered to be unsuitable for constructing a nuclear explosive device. 
The rationale for making this statement is based upon the fact that the critical mass of 
20% 235Y-enriched uranium is 850 kg, and in a weapon this amount of material must be 
brought together sufficiently rapidly to achieve an explosive effect. Theoretically the 
enrichment could be lower and still achieve prompt criticality. However, the amount of 
material becomes so enormous and the difficulty of bringing it together so great that it 
would be impractical to attempt to produce an explosive device with less than 20% enrich- 
ment. It is clear that the distinction is somewhat of a gray area and the enrichment 
could be changed a few percent, but this should.be done extremely cautiously since the 
235Y enrichment vs. critical mass curve is rather steep and increasing the enrichment 
only slightly could reduce the critical mass substantially. Also, it is necessary to 
consider institutional arrangements. A number of domestic and international regulations 
revolve about the 20% figure and it would be no easy matter to change all these stipula- 
tions. This sets the background against which the enrichment considerations for denatured 
fuel must be addressed. 


The matter of arriving at a practical criterion is complicated and is currently 
under study by the Special Projects Division of Lawrence Livermore Laboratory, where an 
in-depth analysis of the weapons utility of fissile material. (including 233U with various 
enrichments) for the Non-Proliferation Alternate Systems Assessment Program (NASAP) is 
being conducted in accordance with a work scope developed by the International Security 
Affairs Division (ISA) and the management of the NASAP Program. Unfortunately, the results 
of the LLL study are not yet available. Because of the considerable impact of enrichment 
considerations on the utility of particular reactors and particular symbiotic systems, it 
seems best at this point to discuss the several approaches for determining the guide- 
lines for the enrichment of 233U-238U mixtures and to make a determination based on the 
LLL study at a later time. 
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There are three approaches which can be employed to estimate allowable enrichment 
criteria for 233y in 238U corresponding to the statutory 20% limit. set for 235U in 238u, 
These three criteria are: (1) critical mass, (2) infinite multiplication factor, and 
(3) yield. These can be employed singularly or in combination as discussed below. 


Critical Mass 


As stated above, the bare-sphere critical mass of metallic 20% 235U and 80% 238U is 
about 850 kg. This amount can be reduced by a factor of two to three by the use of a 
neutron reflector. However, the size and weight of the combination of reflector and 
fissile material will not be substantially less than that of the bare sphere, and may 
even be greater. In addition, for a nuclear explosive, an assembly scheme must be added 
which will increase the size and weight substantially. Concentrations of 235U, 233u, or 
plutonium in mixtures with 238U such that they have bare-sphere metallic critical masses 
of about 850 kg represent one possible reasonably conservative criterion for arriving at 
concentrations below which the material is not usable in practical nuclear weapons. This 
850 kg bare-sphere critical mass criterion can also be used for other materials which are 
or might be in nuclear fuel cycles. Although this criterion provides a basis for con- 
sistent safeguards requirements for 233 or 235U embedded in 238U, it leans to rather 
low limits. 


Infinite Multiplication Factor 


Another possible criterion is the one associated with the infinite multiplication 
factor k.. For a weapon to be successful, a certain degree of supercriticality must be 
attained. D. P. Smith of Los Alamos Scientific Laboratory has adopted this approach. He 
takes k, = 1.658 for 20% 7*5U-enriched uranium, which implies k. = 1.5346 for the oxide. 
He then performs a search calculation on enrichment for the other systems so as to obtain 


the same k. value. His results are shown in Table 3.3-1. We note that for 733yU the limits 


are 11.65% 233U for the oxide and 11.12% *33U for the metal. 


Table 3.3-1 Equivalent Enrichment Limits 


Fuel Material Kk. 

Metal 20% 225U, 80% 238y 1.658 
11.12% 233U, 88.88% 238 1.658 
11.11% 239Pu, 88.89% 238y 1.658 

Oxide (20% 235, 80% 238U)0. 1.5346 
(11.65% 233u, 88.35% 238y)o, 1.5346 
(13.76% 235Pu, 86.24% 238u)0., 1.5346 


(14.5% 239pyu, 1.5% 24°Pu, 85% 238)0, 1.5344 


These numbers were obtained by D. P. Smith of Los Alamos 
Scientific Laboratory from DIF IV calculations using 
Hansen-Roach cross sections. 
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It may also be possible to set a minimum yield for a practical nuclear explosive 
device. An obvious consideration here is that in attempting to achieve supercriticality 
with increasing amounts of fissile material of decreasing enrichment, a point is 
reached where the yield of an equivalent mass of chemical high explosive exceeds the 
nuclear explosive yield. The LLL Special Projects Division is currently investigating 
the possibility of establishing such a limit. 
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3.3.2. Fabrication and Handling of Denatured Fuel 


J. D. Jenkins R. £. Brooksbank 
Oak Ridge National Laboratory 


The techniques required for fabricating and handling 233U-containing fuels encount- 
ered in the denatured fuel cycle differ from those employed for 235U fuels because of the 
high gamma-ray and alpha-particle activities. present in the 233U fuels. Some idea of the 
radiation levels that will be encountered can be deduced from recent radiation measure- 
ments for a can that contains 500 g of 233U with a 232U content of 250 ppm and has been 
aged 12 years since purification. The results were as follows: 


Distance Radiation (mr/hr) 


Contact 250,000 
1 ft 20,000 
3 ft 2,000 


These radiation levels are equivalent to those that could be expected at the same distances 
from 500 g of 73°U containing ~ 1250 ppm 7?2U and aged six months, which is comparable with 
2334 that has undergone several cycles in a fast breeder reactor. With such high activities, 
complete alpha containment of the fuel will be required, and all personnel must be protected 
from the fuel with thick biological shielding (several feet of concrete or the equivalent). 
This, of course, necessitates remote-handling operations, which constitutes an inherent 
safeguard against the diversion of the fuel while it is being fabricated and/or handled. 


The requirement for remote operation is further borne out by experience gained in 
two earlier programs in which 233U-containing fuels were fabricated. In these two pro- 
grams, the "Kilorod" program! and the Light Water Breeder Reactor (LWBR) program,2 
(233U,Th)O, pellets could be fabricated in glove boxes, but only because the 233U used 
contained extremely low (<10 ppm) amounts of 232U. Even so, the time frame for fuel fab- 
rication was severely restricted and extraordinary efforts were required to keep the con- 
tamination level of aged 233y sufficiently low to permit continued glove box operation. 
Based on experience at ORNL in the preparation of nearly two tons of 233U0, for the LWBR 
program, it was determined that the handling of kilogram quantities of 233U containing 
10 ppm of 232U and processed in unshielded glove boxes 25 days after purification (complete 
daughter removal) to produce 233U0, powder resulted in personnel radiation exposures of 
50 mr/man-week. The techniques used in preparing Kilorod and LWBR fuel would not be feasi- 
ble in a large-scale fabrication plant using 233U containing the 100 to 2000 ppm 232U 
expected in recycled 233U. Therefore, one must conclude that remote fabrication, behind 
several feet of concrete shielding, will be required for 233U-bearing LWR and FBR fuels. 


Remote operation will impact the fabrication process and the fuel form. For ex- 
ample, LWR and LMFBR fuels can be manufactured either as oxide pellets or as sol-gel 


_microspheres. The many powder-handling operations required in fabricating pellets with 
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their inherent dusting problems and the many mechanical operations required in blending powder, 
pressing, sintering, and grinding pellets make remotely operating and maintaining a 7?*U- 
bearing pellet fabrication line difficult. Alternatively, the relative ease of handling liquids 
and microspheres remotely makes the sol-gel spherepac process appear more amenable to remote 
operation and maintenance than powder preparation and pelletizing processes, although the process 
is less fully developed. 


Detailed analyses of specific flow sheets and process layouts for a particular 
fuel form would be required to quantitatively determine the relative safeguards merits of 
one process versus another. In general, however, batch processes where control of special 
nuclear materials can be effected by item accountability are easier than continuous pro- 
cesses in which the material is contained in liquid form. Thus, in our example above, an 
assessment might conclude that some sacrifices must be made in material accountability in 
order to achieve remote fuel fabrication. 


The overriding safeguards consideration in denatured fuel fabrication however is 
the remote nature of the process itself, which limits personnel access to the fissile 
material. Access is not impossible, however, for two reasons. First, for material and 
equipment transfer, the processing cells will be linked to other cells or to out-of-cell 
mechanisms. Second, some portions of the processing equipment may be maintained by persons 
who enter the cells after appropriate source shielding or source removal. Thus, some cells 
may be designed for personnel] access, but all access points will be controlled because of 
the requirement for alpha-activity containment. Health physics radiation monitors would 
provide an indication of breach of containment and of possible diversion. Because the 
ingress points from the cells will be limited, portal monitors may also provide additional 
safeguards assurance. 


It should be noted that although kilogram quantities of material represent high- 
radiation levels from the standpoint of occupational exposures, the levels of recently 
purified 233y are low enough that direct handling of the material for several days would 


not result in noticeable health effects. 


The remote nature of the refabrication process requires highly automated machinery 
for most of the fabrication. Elaborate control and monitoring instrumentation will be 
required for automatic operation and process control and can provide additional data for 
material accountability and material balance consistency checks. The remote nature of the 
process has the potential of substantially improving the safeguarding of the recycle fuel 
during refabrication. The extent of this improvement will depend:on the specific facility 
design and on the degree to which the additional real-time process information can enhance 
the safeguards system. | 


3-22 


3.3.3 Detection and Assay of Denatured Fuel 


D. T. Ingersoll 
Qak Ridge National Laboratory 


The relatively high gamma-ray activity of 7**U fuels, enriched or denatured, has 
opposite effects on detection and assay: it increases the detectability of the fuels 
but it also increases the difficulty of passive gamma assay. That this situation exists 
is apparent from Fig. 3.3-2, which presents a Ge(Li)-measured gamma-ray spectrum? from a 
2334 sample containing 250 ppm 7°7U. Al major peaks in the spectrum are from the decay 
products of 732U, which is near secular equilibrium with the products. The presence 
of the 2.6-MeV gamma ray emitted by 7°°T1 provides a useful handle for the detection of 
materials that contain even small quantities of 7°7U, thus providing a basis for preventing 
fuel diversion and/or for recovering diverted fuel. On the other hand, the presence of 
numerous gamma rays in the spectrum eliminates the possibility of direct gamma-ray assay 
of the fissile isotope. Indirect assay using the 7°2U gamma rays would be impractical, 
since it would require a detailed knowledge of the history of the sample. 


Detection systems are already available. A Los Alamos Scientific Laboratory (LASL) 
report describes a doorway monitor system* that employs a 12.7- x 2.5-cm NaI(T1) detector 
and has been used to measure a dose rate of about 2.5 mr/hr at a distance of 30 cm from a 
20-g sample of Pu0.. Approximately the same dose rate would be measured for a similar 
sample of 233U containing 100 ppm of 232U only 12 days following the separation of daugh- 
ter products. The dose rate would increase by a factor of 10 after 90 days and by an 
additional factor of 4 after one year.5 Also, the gamma-ray dose rate scales linearly 


with 232 content and is nearly independent of the type of bulk material, i.e., 233u, 
235y, or 238, 


The net counting rate for the Pu, sample (shielded with 0.635 cm of lead) was 
1000 cps. The observed background was 1800 cps, resulting in a signal-to-noise ratio of 
only 0.6. Similar samples of 232U-contaminated uranium not only would yield higher count- 
ing rates, but could also yield considerably better signal-to-noise ratios if the detector 
window were set to cover only the 2.6-MeV gamma ray present in the spectrum. Although 
the denaturing of uranium fuels tends to dilute the 232U content, the anticipated 232u 
levels in most denatured fuels is still sufficiently high for relatively easy detection, 
except immediately after complete daughter removal. 


The difficulty in performing nondestructive assays (NDA) of denatured fuels relative 
to highly enriched fuels is attributable to two effects: (a) the desired signal (emitted 
neutrons or gamma rays, heat generation, etc.) is reduced because of the material. dilu- 
tion, and (b) the signal is mostly obscured by the presence of 232U. The latter problem 
exists because although denaturing reduces the total concentration of 232U, the relative 
proportion of 232U to fissile material remains the same. This is an especially signifi- 
cant problem with passive NDA techniques. As is shown in Fig. 3.3-2, the gamma-ray 
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spectrum from a 232U sample containing 250 ppm of 232y is totally dominated by the 232u 
decay gamma rays, thus eliminating the possibility of direct gamma-ray assay. Passive 
techniques employing calorimetry are also complicated since 232U decay particles can con- 
tribute significantly to the heat generation in a fuel sample. It has been calculated,?.® 
that for a fresh sample of 233U containing 400 ppm 232U, nearly 50% of the thermal heat 
generation can be attributed to 232U decay, which increases to 75% after only one year. 
It is, therefore, apparent that fissile content assay for denatured uranium fuels will 
require more sophisticated active NDA techniques which must overcome the obstacles of 
material dilution and 232U-activity contamination. 
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; Fig. 3.3-2. Gamma-Ray Spectrum from a 233 Sample Containing 250 ppm 232u, Al] 
major peaks are attributed to 232y decay products. Gamma-ray energies indicated in MeV. 


. (From ref. 3.) 
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3.3.4. Potential Circumvention of the Isotopic Barrier of Denatured Fuel 
E. H. Gift and W. B. Arthur 
Oak Ridge Gaseous Diffusion Plant 


If a large-scale denatured-uranium recycle program is fully implemented (with secure 
energy centers), many types of both fresh (unirradiated) and spent fuel may be in transit 
throughout the world. In order to ensure that these fuels are proliferation resistant, they 
must meet the basic criterion that a sufficient quantity of fissile material cannot be 
chemically extracted from seized elements for direct use in the fabrication of a nuclear 
weapon. AS pointed out in previous sections.of this report, the addition of the denaturant 
238 to the fissile isotope 233U will prevent the direct use of thé uranium in weapons 
manufacture providing the 233U content of the uranium remains below a specified limit, which 
for this study has been set at 12% (see Section 3.3.1). Thus, even if the uranium were 
chemically separated from the thorium fertile material included in the elements, it could not 
be used for a weapon. Similarly, if the 235U content of uranium is kept below 20%, the 
uranium would not be directly usable. For the discussion presented here, it is further 
assumed that fuels containing both 233U and 235U will meet this criterion if their weighted 
average Ties between these limits. 


With the chemical isolation of the primary fissile isotopes thus precluded, two poten- 
tial means exist for extracting fissionable .material for the denatured fuel: (1) isotopic 
separation of the fresh fuel into its 233u (or 235U) and 238U components; and (2) chemical 
extraction from the spent fuel of the 239Pu bred in the 238y denaturant or chemical extraction 
of the intermediate isotope 233Pa that would subsequently decay to 233U. In this examination 
of. the potential circumvention of the isotopic barrier of denatured fuel both these possibili- 
ties are discussed; however, the probability of the second.one actually being carried out is 
essentially discounted. Thus the emphasis here is on the possibility that would-be proliferators 
would opt for producing weapons-grade uranium through the clandestine operation of an isotope 
separation facility. For the purposes of this study it is assumed that the seized fuel is in 
the form of fresh LWR elements of one of the following fuel types: 


A. Approximately 3% 235U-enriched uranium (same as currently used LWR fuel). 7 


B. Recycle uranium from a thorium breeder blanket, denatured to 112% 233y with depleted 
uranium. , 

C. Fifth-generation recycle of fuel type B with 235U fissile makeup from a thorium 
breeder blanket. . 

D. First cycle of 235U-238U-Th fuel assuming no 233U is available from an external 
source. In this fuel scheme the 235U concentration in uranium can be as high as 20% 
(see above). -_ : 

E. First recycle of fuel type D with 93% 235U in uranium makeup. In this fueling option, 
not all of the fuel in a reload batch will contain recycle uranium. Some portion of 
the reload batch will contain fuel type D, This option is analogous to the "tradi- 
tional" concept envisioned for plutonium recycle fuels. It allows some of the fuel 
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to be fabricated in nonradioactive facilities... This fueling option will be referred 
to in the remainder of the text as fuel recycle Option 1. 


F. Fifth-generation recycle of fuel types 0 and E with 93% 235U makeup (Option 1). 


G. First recycle of fuel type D, with recycle uranium in all fuel assemblies of a reload 
batch. Makeup uranium is 20% and 93% 235U as needed to maintain reactivity. In this 
option all fuel would probably require remote fabrication facilities. This fueling 

“option will be referred to in the remainder of the text as fuel recycle Option 2. 


H. Fifth recycle of fuel type G with 235U makeup (Option 2). 


The uranium compositions of these fuels are shown in Table 3.3-2. In addition to these, it 
should be assumed that natural uranium is also available. 


Table 3.3-2. Uranium Fuel Mixtures That May Be Available 





Isotope A 8 c D E F & H 


232y 0 5.02 x 107" 6.565 x 107% 0 "1.2363 x 107% 2.445 x 107% 1.134 x 107% 2.331 x 107% 
233y 0 0.118611 0.11498 0 0.047004 0.05914 0.04310 0.05638 
23aey 1.2 x 1074 = 0.008523 0.035108 0.001754 0.005430 0.02115  ——--0.005125 0.020245 
235y 0.032 0.002317 0.01255 0.2000 0.13201 0.113457, 0.13765 0.11749 
236y Oo | 0.000036 0.005327, 0 : 0.02303 0.056496 0.021119 0.05386 
238y 0.96788 0.870011 0.831228 = «0.798246 ~—-0. 792389 0.749522 0.793021 0.75188 





Description of Fuel Type: 
A - 3.2 wt % 235) from natural uranium. 
B - Thorium breeder blanket fuel denatured with depleted uranium. 
C ~ Fifth generation recycle of B with thorium breeder blanket makeup. 
D - 20 wt % 235y from natural uranium. 
- First recycle of D with 93 wt % 235U in uranium makeup (Option 1, see note). 
Fifth generation recycle of D with 93 wt % 235 in uranium makeup (Option 1, see note). 
First recycle of D with 93 wt % 235U makeup (Option 2, see Used 
Fifth recycle of D with 93 wt % 235y makeup (Option 2, see note 


ronm 
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NOTE: Fuel types E and F are designed so that not all of the fuel in a reload batch 1s recycle fuel; some of the 
reload batch will contain fuel type D. This situation is analogous to the “traditional” concept envisioned 
for plutonium recycle fuels. . This concept allows some of the fuel to be fabricated in non-radioactive 
facilities, and is referred to in the text as fuel recycle Option 1. 

Fuel types G and H result if every assembly in the reload batch contains recycle fuel. . The fueling mode is 
referred to as Option 2. 


Isotopic Separation of Fresh Fuel 


Selection of Separation -Facility. Of the various uranium isotope separation processes 


_which have been conceived, only the current technology processes (i.e., gaseous diffusion, 


gas centrifuge, the Becker nozzle and the South African fixed wall centrifuge) and possibly 
the calutron process could be considered as near-term candidates for a clandestine facility 
capable of enriching divered reactor fuel. Of these, the gas centrifuge may be the preferred 
technology. This conclusion is directly related to the proven advantages of the process, 
which include a high separation factor per machine, low electrical power needs, and the 
adaptability to small low-capacity but high-enrichment plants. Further, more national groups 
(i.e., the U.S., England, Holland, Germany, Japan, Australia, and France) have operated 
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either large centrifuge pilot plants or small commercial-sized plants, more so than for any 
other enrichment process, so it is apparent that this technology is widely understood and 
applied. A brief description of the centrifuge process, as well as descriptions of other 
current and future separation technologies, is given in Appendix A. 


The application of centrifuge technology to a smalt plant capable of producing a 
couple of hundred kilograms of uranium enriched to 90% 235y has not proved to be inordinately 
expensive. Two examples can be provided. An article appearing in two journals’’® presents 
information on a proposed Japanese centrifuge plant. This plant, which could be operational 
in 1980, is designed to produce 50 MT SWU/yr in a 7000-machine facility. The total cost of 
the facility was estimated by the Japanese to be $166.7 million. Simple arithmetic yields 
the individual centrifuge separation capacity of 7 kg SWU/yr and a centrifuge cost of ap- 
proximately $24,000 (which includes its share of al] plant facilities). 


An upper limit for the cost of developing a small gas centrifuge enrichment facility 
can be estimated from published costs from the United States uranium gas centrifuge program. 
A paper by Kiser? provides a convenient summary of the status and cumulative costs for the 
U.S. program. The Component Test Facility, a plant which is expected to have a separative 
capacity of 50 MT SWU/yr (see Appendix A), was operational in January of 1977, To that 
date, the cumulative cost of the entire U.S. gas centrifuge program was given as about $310 
million. Of this total, about $190 million was identified as development costs. The remain- 
ing $120 million was identified as equipment and facility expense. Further, only about $30 
million was identified as being technology investigation, Even more intriguing is that 
within the initial 3-year development program (beginning in 1960 and budgeted at $6 million), 
the following accomplishments were recorded. 


a. The operating performance of the gas centrifuge was greatly improved. 


b. Small machines were successfully cascaded in 1961 (one year after initiation of the 
contract). 


c. When the last of these units was shut down in 1972, some machines had run continu- 
ously for about eight years. 


That these centrifuges were not commercially competitive with gaseous diffusion may be ir- 
relevant when they are considered as a candidate for a clandestine enrichment facility. Thus, 
as stated above, of the current technologies, the centrifuge process would probably be . 
Selected. The utilization of the developing technologies (laser, plasma, etc,) for a 
clandestine enrichment facility is not currently feasible. Successful development of these 
technologies by any of the numerous national research groups would make them candidates 

for such a facility, however, and they would offer the decided advantages of a high separa- 
tion factor, low-power requirement and modular construction. 


Effect of 232U on the Enrichment Process and Product. All fuels containing 233U also 
contain substantial amounts of 232U, As mentioned earlier in this report, the daughter pro- 
ducts from 232U (t, = 72 yr) release highly energetic gamma rays and alpha particles that can 
complicate both the enrichment process and the subsequent weapon fabrication. 
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As a first step in evaluating the effect of ?32U on the enrichment process and the en- 
riched product, consider fuel types B and C from Table 3.3-2 as feed to an enrichment plant. 
For making an acceptable weapon. a fissile content of 90% 2334 + 2354 in the product should be 
satisfactory. An acceptable product flow rate from such a plant might be 100 kg U/yr. 


Based on these assumptions, the product concentrations shown in Table 3.3-3 were ob- 
tained from multicomponent enrichment calculational methods.!° This table illustrates that 
while a sufficiently fissile uranium is produced, at a relatively low feed rate, the product 
has also concentrated the highly gamma. active (through its decay daughters) 232U by about 
a factor of 10. Greater than 99% of the 232U in the enrichment plant feed will be present 
in the product. 


In the enrichment plant the 232U concentration gradient from the feed point will 
drop rapidly in the stripping section. In the tails the 232U concentration will be 
reduced by about a factor of 150 from the feed concentration. As a result, the gamma 
radiation levels in the enrichment plant can be expected to vary by a factor of greater 
than 1000 from the tails to the product. 


Calculations have been made for a typical centrifuge enrichment plant to illustrate 
the gamma radiation level that could be expected at equilibrium as a function of the 
232y concentration.!! These results are shown in Table 3.3-4. Implicit in these estimates 
is the assumption that the daughter products of 232U are all deposited within the enrich- 
ment facility. This assumption seems justified since the fluoride compound of the first 
daughter product, ??8Th (t, = 1.9 years), is nonvolatile. With the exception of 224Ra 
(ty = 3.6 d), all of the other daughters have very short lives. 


Experimentally, little evidence exists to determine the true fractional deposition 
of 232 daughters. Current evidence is incorporated in the existing specifications for 
UF, feed to the gaseous diffusion plants.!2 These specifications call for a maximum 232y 


concentration of 110 parts of 232U per billion parts of 235U in the feed. At this concentra- 
tion, the radiation levels would be significant in a highly enriched product (9270 mr/hr 
at 1 ft and 3 mr/hr on the plant equipment). 


Based on Tables 3.3-3 and 3.3-4, the maximum gamma radiation level-in a plant 
enriching 735U to 90% would be about 2 r/hr at equilibrium. At this radiation level, 
little decomposition of either lubrication oils or the UF gas would occur. Some evidence!? 
exists to show that at this radiation level the viscosity of the lubricating of1s would be 
unaffected over a 20-year plant life. Thus, there should be no bearing problem. It is also 
‘ expected that the UF, would be fairly stable to the combined alpha and gamma radiation 
levels. At the 2-r/hr level, less than one-tenth of the mean inventory of the machine would 
be decomposed per year. This material would be expected to be distributed fairly uniformly 
throughout the machine with perhaps slightly higher accumulation on the withdrawal scoops. 
Since the individual machine inventory would be very low, this should not be a significant 
loss of material. 
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Table 3.3-3. Enriched Product Compositions 
(Weight Fraction in Uranium) 


Fuel Type 8 Fuel Type ¢ 

Isotope Feed Product 5 Feed Product 
232y 5.02 x 107 4.1545 x 10-3 6.565 x 107% 5.626 x 1073 
233y 0.118611 0.90 0.11498 0.90 
234y 0.008523 0.03757 0.035108 0.0901 
235y 0.002317 0.00376 0.01255 0.00379 
236y 3.6 x 1075 1.98 x 1075 0.005327 1.73 x 107" 
238y 0.870011 0.05450 0.831228 3.124 x 107" 
233U in Tails 0.01 0.01 
Feed Flow, 832 859 

kg U/yr 
Product Flow, 100 100 

kg U/yr 














When removed from the plant, the UF, product would be condensed and probably stored in 
monel cylinders. If it is assumed that the cylinders were sized to hold 16 kg of UF,, the 
gamma dose rates that could be expected from the unshielded cylinders are as shown in 
Table 3.3-5. To reduce these product dose rates to acceptable levels would require substan- 
tial shielding. As an example, Table 3.3-6 shows the shielding required to reduce the dose 
rate at 1 ft to 1.0 and 50 mr/hr, 


Table 3.3-4, Gamma Radiation Level in an Enrichment Plant 
as a Function of 232U Concentration 


ZSZy Concentration | ~~ Radiation Level (r/hr) 
(wt 2%) at Equilibrium* 
2.0 : 6.8 
1.0 , 3.4 
0.5 ia 
0.1 | | . 34 
0.001 | | | .0034 


0.0001 —_ .00034 





“Within an infinite array of centrifuges. 
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Table 3.3-5, 252U-Induced Gamma-Ray Dose Rates from Unshielded 
Monel Cylinders Containing 16 kg of UF, 


a err, 





Distance from Decay Time* aiaeeiceamaLh 
Cylinder (days) 0.1 wt % 232 0.6 wt % .252y 
Contact 10 40.2 242 

30 194 1,166 
90 654 3,922 
Equil. 7,046 42,300 
1 Foot 10 : 4.2 25.4 
30 20.4 122 
90 68.6 412 
Equil. 740 4,440 
1 Meter 10 0.85 5.1 
30 4.1 24.6 
90 13.8 82.9 
Equil. 149 894 


Sa 


*Time measured from chemical separation from thorium. 


Table 3.3-6. Shielding Required to Reduce 232U-Induced Gamma-Ray 
Dose Rates from Monel Cylinders Containing 16 kg of UF,* 





Concrete Thickness (cm) 


Design Dose Rate Decay Time** 


mr/hr days O.T wt 2 7320 0.6 wt 2 2520 
1.0 30 101 120 
90 114 132 
Equil. 138 157 
- 50 30 62 80 
90 74 92 
Equil. | 98 116 


Re 


*Distance from source to shield = 1 ft. 


**Time measured from chemical separation from thorium. 
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The high alpha activity of uranium containing 232U will present two problems: 


1. In the UF, there will be a strong (a,n) reaction. A crude estimate of the neutron 
emission from a 16-kg UF, product cylinder containing 0.6 wt% 232U is 5.7 x 107 
neutrons/sec at 10 days decay, 2.5 x 108 at 30 days decay, and 8.7 x 108 at 90 days 


decay. 


2. The 232 will provide a strong heat source in the UF, and the metal products. A 


crude estimate of the heat generation rate from pure 232U as a function of time after 


purification is: 0.03 W/g at 10 days, 0.13 W/g at 30 days, and 0.46 W/g at 90 days. 


The degree to which these properties will affect weapon manufacture or delivery is 


unknown, 


Alternative Enrichment Arrangements to Reduce 237U Content in the Product. In con- 


sidering the complications introduced to the final uranium metal product, i.e., the radia- 

tion level and heat generation resulting from 232U, it is apparent that removal of the 232u 
would be beneficial. Enrichment cascades can be designed to accomplish this. The most ef- 
ficient arrangement would be to first design a cascade to strip 232U from all other uranium 


Product Containing 
Nearly AIT the 232y 





Product Containing «90 
Fissile Content and Very 
Low 232y Concentration 


Waste 


Fig. 3.3-2. Illustration of Enrichment 
Arrangement to Produce Low 232U Content 
Uranium, 


isotopes and then to feed the tails from 
the first cascade to a second cascade where 
the fissile isotopes can be enriched. This 
is illustrated in Fig. 3.3-2. 


Such an enrichment arrangement can be 


independent of the specific enriching device. 


Based on the discussion of the gas centrifuge 
process in Appendix A and at the beginning 
of this section, a small, low separative work 
capacity machine may be within the technical 
capabilities of a would-be diverter (see 
Appendix A). 


Although no information exists on the 
separative work capacity of a Zippe machine 
in a cascade, a reasonable estimate of its 
separative capacity is about 0.3 kg SWU/yr 
when separating 235U from 238U. 


—f 
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To further specify the plant, it can be assumed that the diverter would like to: 


1. Minimize the feed and waste stream flows in the first and second cascades consistent 
with limiting the number of centrifuges required. 


2. Achieve a significant weapons-grade product flow rate. (A flow rate of 100 kg U/yr 
having a fissile content of 90% 233U + 235 was chosen. ) 


3. Reduce the 232 content in the metal product so that contact manufacture can be 
achieved without serious radiation hazard. 


Based on these assumptions and considering the fuel types listed.in Table 3.3-2, 
a series of enrichment cascades, flows and selected isotopic parameters are presented 
in Table 3.3-7. The basic criterion chosen for the final uranium product was that the 
232 concentration was about 1 ppm 232U in total uranium. At this level the gamma 
emission rate from the final metal product is sufficiently low that most fabrication 
and subsequent handling operations can be carried out in unshielded facilities using 
contact methods. 


The first enrichment cascade to perform the separation of 232U from the remaining 
uranium will be very radioactive. But it will be only slightly more radioactive than if 
only one cascade were used and the 232U not separated from the final product. The table 
shows that a factor of two increase in 232U product concentration will provide sufficient 
decontamination without a prohibitive increase in the number of centrifuges. If much 
greater (by a factor of 20) concentrations of 232 can be tolerated in the cascade, some 
reduction (120 to 30%) can be made in the necessary number of centrifuges. 


Table 3,3-7 also shows a striking difference in the number of centrifuges required 
to decontaminate the uranium product when the uranium makeup to the thorium cycles is 93% 
235y rather than 233U from the thorium breeder blanket. This results because with the’ 
235y recycle fuel it is more advantageous, both in centrifuges and in annual feed require- 
ments, to design the separation to throw away in the first cascade waste stream much of 
the 233y-and 234y in addition to the 232U. Thus, the fissile content in the final product 
from these fuel mixtures is nearly all 235u, 


As a better means of measuring the proliferation potential of the different fuel 
mixtures, the data presented in Table 3,3-7 have been recast in Table 3,3-8 as a 
function of three parameters: (1) the number of centrifuges needed, (2) the uranium 
feed requirements to produce 100 kg/yr of 90% fissile uranium and (3) the number of 


“standard Westinghouse PWR fuel assemblies that must be diverted. 


Based on these criteria, the Following conclusions can be drawn with respect to 
desirability of fuels for diversion: 


Table 3.3-7, 
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Summary of Results of Centrifuge Enrichment Survey of Potential Fuel Mixture® 





232y Content (wt. Fraction) (wt. Fraction) 


Fissile Content 


: ‘Number of Centrifuges Required 


«3 kg SWU/yr Zippes 





Of Ist Of 2nd Of 2nd Of 2nd = Annual “In 232y In Fissile 
ne) Cascade Cascade Cascard Cascade Feed Stripping Enriching 
Typ: Initial Product Product Tails Product (kg U/yr) Cascade Cascade Total 
A 0 nat 0 0,002 0.90 2993 0 29220 29220 
8 5.02(-4)° HA 4,35(-3) 0.005 0.90 832 0 5468 5468 
ese 0.005 ate 0.01 0.90 3180 82410 10880 93290 
5.02(-4 0.01 1.3{- 0,005 0.90 1302 50600 9981 60581 
5.02(-4) 0.10 8.1(-7) 0.005 _ 0.90 817 41653 7257 48910 
c est NA §.626(-3) 0.005 0.90 860 0 9191 9191 
6.564(-4) 0.0065 2.68(-6). 0.01 0.90 3000 86227 18302 104529 
6.564(-4) 0,01 1.63(-6) 0.005 0.90 1749 61277 18802 80079 
6.564(-4) 0.1 8.5(-7) 0.005 0.90 853 45483 11277 56760 
D 0 NA 0 0.01 0.90 468 0 499] 4991 
E Tey 0.001236 2.4(-6) 0,065 6.90 3000 25244 7002 32246 
1.236(-4) 0.00235 1.14(-6) 0.06 0.90 1210 35459 5921 21380 
1.236(-4) 0.00235 6.67(-7) 0.0 0.90 704 9292 13635 22927 
F 2.445(-4) 0.002445 2.63(-6) G.. 15 0.90 3001 33033 14398 4743) 
2.445(-4) 0.003 7.87(-6) 0.005 0.90 860 11872 20982 32854 
G 1.134{-4) 0,003 6.42(-7) 0.005 0.90 664 8758 13033 21793 
# 2.331{-4) 0.0023 2.5(-6) 0.0715 0.90 3000 32136 12419 44555 
2.331(-4) 0.003 7.44(-7) 0.005 0.90 805 11889 19477 31366 
Natural 
Uranium 0 NA 0 0.002 0.90 17575 0 77918 77918 


“Feed and centrifuges needed to produce 100 kg U/yr of 90% fissile product. 
>See Table 3.3-2 for description of fuel types. 


Read: 


5.02 x 10%, 


ana = not applicable, 


Table 3.3-8. 


Fuel Type 


A 3.2 wt % 235y 


D 20 wt % 235U with thorium 


Natural uranium (0.711 wt % 235u) 


Enrichment Resistance of Fuel Mixtures Investigated* 


Approximate Number a 
PWR Fue] Assemblies 
Needed to Supply Feed 
pee See ho a oh a a 


B Ist generation 233 recycle with thorium 
No 232U removal 


With 2320 removal 


C Sth generation 233U recycle with thorium 
No 232 removal 


With 232U removal 


E Ist generation 235U recycle with thorium (Option 1) 


With 232U removal 


F 5th generation 235U recycle with thorium (Option 1) 


With 232U removal 


G Ist generation 235U recycle with ‘thorium (Option 2) 


With 232U removal 


H 5th generation 235y recycle with thorium (Option 2) 


With 232U removal 
see Wi ee 


Feed 
Number of ; ; 
; Requirements 
Centrifuges (kg U/yr) 
29,220 2,993 
4,991 468 
77,918 17,575 
5,469 832 
48,910 817 
9,191 860 
80,079 1,750 
22,927 704 
32,854 860 
21,791 664 
31,366 805 


*Feed and centrifuges needed to produce 100 kg U/yr of 90% fissile product. 


6.7 
4.8 
Not Applicable 


—# 


4 


Cc 


c 


cE £2. 





3-33 


1. Of the fuel mixtures that may be in commerce in a thorium-based fuel cycle, 20% 235u 
mixed with thorium is the most desirable both in ease of enrichment and because it 
requires diversion of the fewest fuel assemblies to produce: a given quantity of 
highly enriched uranium, 


2. Enrichment of 233U recycle fuels, without 232U removal, is an enrichment task com- 
parable (with respect to the number of centrifuges) to enriching 20% 235U. The 
product, however, will be highly radioactive. 


3. If would-be proliferators must remove the 232u, the 235u makeup fuels are less prolifera- 
tion resistant than the 233U makeup fuels. 


4, The 235U recycle fuels with thorium and 232U removal are equivalent to 3.2 wt% 
slightly enriched uranium fuels with respect to both the number of centrifuges and 
the number of fuel assemblies to be diverted. 


5. The 233y recycle fuels with thorium and 232y removal are equivalent to natural 
uranium enrichment with respect to the number of centrifuges. 


6. If 232U removal is necessary for ease of weapon manufacture and reliability of delivery, 
then a diverter would probably prefer to divert either slightly enriched uranium fuel 
or enrich natural uranium than to enrich either 235U or 233U recycle fuel from thorium 
cycles. This conclusion results from the fact that for each recycle fuel, the cor- 
responding slightly enriched or natural uranium fuel enrichment plant requires 
approximately the same number of centrifuges but has the decided advantage of a 
nonradioactive facility. 


Reliability of Centrifuge Enrichment Plants. As a final item, the average centrifuge 
failure rate and its impact on the maintainability and production rate of a centrifuge en- 
richment plant must be considered. Information on the reliability and operating life of 
centrifuges is scarce. The URENCO-CENTEC organization has over the years made claims of very 
long average operating life and correspondingly Jow failure rates. Typical examples of 
these claims can be found in some of their sales brochures, !3 These claim an average 10-year 
operating life and a failure rate of less than 0.5%/year.. It is not clear how much periodic 
maintenance (e. Qe» oi? changes and bearing inspection) is required to achieve these low 
failure rates. 


If these claims are accepted as a goal of a long-term development project, then 
it can be assumed that in the early part of the development somewhat higher failure 
rates would occur, perhaps greater by a factor of 10. This factor might be further 
justified in a highly radioactive plant since periodic matnterence would not be practical. 


The effect of centrifuge. failures on the production rate in a radioactive plant 
has not been determined; however, some qualitative statements can.be made. All centri- 
fuge plants must be designed so that failed units or groups of units can be immediately 
isolated from the rest of the plant. It should also be possible, for a specific cascade 
layout, , an assumed failure rate, and a specified plant operating life, to provide - 
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statistical redundancy throughout the plant, so that as units fail a new unit is avail- 
able to be started. Thus, the production rate could be maintained for the chosen time 
period within the assumed statistical reliability. In order to achieve this reliability, 
greater numbers of centrifuges than listed in Table 3.3-9 would be required. . The exact 
number would be determinable when the ahove parameters are specified. 


Chemical Extractions from Spent Fuel 


As pointed out in the introduction to this section, another possibility for obtaining 
fissionable material from diverted denatured 233Y fuel is through the chemical extraction 
of protactinium or plutonium from spent fuel elements. 233Pa is an intermediate isotope in 
the decay chain leading from 232Th to 233U that would be chemically separable from the 
uranium prior to its decay. The plutonium available in the fuel elements would be that 
produced in the 238U denaturant of the fuel elements. 


The technical possibility of producing pure 233U via chemical extraction of 233Pa 
(t= 27.4 days) from spent denatured fuel was suggested by Wymer.!" Subsequent decay of 
the protactinium would produce pure 233U, While such a process is technically feasible, 
certain practical constraints must be considered. It is estimated!5 that. the equilibrium 
cycle discharge of a denatured LWR would contain 34 kg of 233Pa [approximately 1 kg/metric 
ton of heavy metal]. However, due to its 27.4-day half-life, a 1-MT/day reprocessing cap- 
ability could recover only »23 kg of 233Pa (beginning immediately upon discharge with a 
100% 233pa efficiency). 


Presumably a diverter group/nation choosing this route would have access to a re- 
processing facility. Under routine operations, spent fuel elements are usually allowed 
a cool-down period of at least 120 days to permit the decay of short-lived fission products, 
but in order to obtain the maximum quantity of 233Pa from the denatured fuels it would be 
necessary to process the fuel shortly after its discharge from the reactor. This would 
involve handling materials giving off intense radiations and would probably involve an 
upgrading of the reprocessing facility, especially its shielding. On the other hand, con- 
ventional reprocessing plants in general already have high-performance shields and incre- 
mental increases in the dose rates would not be unmangeable, especially for dedicated groups 
who were not averse to receiving relatively high exposures. Other problems requiring 
attention but nevertheless solvable would be associated with upgrading the system for 
controlling radioactive off-gases, making allowances for some degradation of the organic 
solvent due to the high radiation level, and obtaining shipping casks with provisions for 
recirculation of the coolant to a radiator. 


While from the above it would appear that extraction of 233Pa would be possible, 
considerably more fissile material could be obtained by extracting plutonium from the spent 
denatured elements. Moreover, the usual cool-down period probably could be allowed, which 
would require less upgrading of the reprocessing facility. On the other hand, the amount of 
plutonium obtained from the denatured elements would be considerably less (approximately a 


factor of 3 less) than the amount that could be obtained by seizing and reprocessing spent LEU 
elements which are already stored in numerous countries. Thus it seems unlikely that a nation/ 


group would choose to extract either 233Pa or Pu from seized spent denatured fuel elements. 


Shes 
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3.3.5. Deterrence Value of 232U Contamination in Denatured Fuel 


C. M. Newstead 
Brookhaven National Laboratory 


The preceding sections have emphasized that unless 232U is isotopically separated 
from 233U, both it and its daughter products will always exist as a contaminant of the 
fissile fuel. And since as 232U decays to stable 2°®Pb :the daughter products emit several 
high-intensity gamma rays (see Fig. 3.0-1), all 233U fuel, except that which has undergone 
recent purification, will be highly radioactive. While the gamma rays, and to a lesser 
extent the decay alpha and beta particles and the neutrons from a,n reactions, will intro- 
duce complications into the fuel cycle, they will also serve as a deterrent to the seizure 
of the fuel and its subsequent use in the fabrication of a clandestine nuclear explosive. 
Consider, for example, the steps that would have to be followed in producing and using such 
a device: 


“1. Diverting or seizing the fissile material (as reactor fuel elements or as bulk 
material). 


2. a. Chemically reprocessing the spent fuel to separate out the bred fissile plu- 
tonium (or 233Pa) or 
b. Isotopically enriching the fresh fuel or bulk material to increase the 233U con- 
centration in uranium sufficiently for its use in a weapon. 


3. Fabricating the fissile material into a configuration suitable for an explosive 
device. 


4. Arming and delivering the device. 


As indicated, at Step 2 a decision must be made as to which fissile material is to be 
employed, 239Pu or 233U, Extracting the plutonium present in spent denatured fuel would 
require a chemical separation capability analogous to that required for current LEU spent 
fuel; however, the quantity of spent denatured fuel (i.e., kilograms of heavy metal) that 
would have to be processed to obtain a sufficient amount of 239Pu would be increased by a 
factor of 2 to 3 over the amount of LEU fuel that would have to be processed. Moreover, 
for some reactor systems, the quality (i.e., the fraction of the material which is fissile) 
of the plutonium recovered from denatured fuel would be somewhat degraded relative to the 
LEU cycle. 


The selection.of 233U as the weapons fissile material means, of course, that the 
material. being processed through all the operations listed above would be radioactive. While 
both national and subnational groups would -be inhibited to some degree by the radiation 
field, it is clear that a national group would be more likely to have the resources and 
technological base necessary to overcome the radiation hazard via remote handling, shielding, 
and various cleanup.techniques.. Thus, the radiation field due to the 232) contamination 
would be effective in limiting proliferation by a nation to the extent that it would com- 
plicate the procedures which the nation would have to follow in employing this path and 
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introduce time, cost and visibility considerations, These factors would force a 


trade-off between the desirability of utilizing material from the denatured fuel cycle and 
obtaining fissile material by some other means, such as isotopically enriching natural 
uranium or producing plutonium in a research reactor. 


A subnational group, on the other hand, would not in general possess the requisite 
technological capability. In addition, while a nation could, if they chose to, carry out 
these processes overtly, a subnational group would have to function covertly. Thus the 
radiation barrier interposed by the self-spiking effect of the 232U contaminant in the de- 
natured fuel would contribute in some measure to the safeguardability of the denatured 
fuel cycle insofar as the subnational threat is concerned, 


The degree of protection provided by the self-spiking of denatured fuel varies accord- 
ing to the radiation level. The radiation level in turn depends on both the 232U concentra- 
tion and the time elapsed after the decay daughters have been chemically separated. As 
indicated in other sections of this chapter, in denatured fuel the expected concentrations 
of 232U in uranium are expected to range from +100 to 300 ppm for thermal systems up to 
~1600 ppm for recycled fast reactor fuel. It should be noted that if the latter denatured 
fuel (typically 10-20% 233u in 238U) is processed in an enrichment facility to obtain highly 
enriched (.90%) uranium, the resulting material would have a 232U content that is propor- 
tionally higher, in this-case »7000 to 8000 ppm maximum. 


Table 3.3-9 shows the radiation levels to be expected from various concentrations 
of 232y at a number of times after the uranium has been separated from other elements in 
a chemical processing plant. For a 5-kg sphere of 233U with 5000 ppm of 232U the radia- 
tion level 232 days after chemical separation is 67 r per hour at 1m. The highest 
level of deterrence, of course, is provided when the radiation level is incapacitating. 
Table 3.3-10 describes the effects on individuals of various total body doses of gamma 
rays. Complete incapacitation requires at Teast 10,000 rem. Beginning at about 5000 rem 
the dose is sufficient to cause death within about 48 hr. In the 1000-rem range,. death 
is: practically certain within a week or two. A dose causing 50% of those exposed to die 
within several weeks (an LD~50) is around 500 rem. Below 100 rem it is unlikely that any 
side effects will appear in the short term but delayed effects may occur in the long term. 
In general, the gamma-ray total dose levels required to ensure that an individual is dis- 
abled within an hour or so are at least on the order of a magnitude higher than those 
likely to’ cause eventual death. There may be individuals who are willing to accept doses 
in excess of several hundred rem and thus eventually sacrifice their lives. As indicated 
above, to stop persons of suicidal dedication from completing the operations would require 


doses in the 10,000-rem range. Apart from the dedicated few, however, most individuals 


would be deterred by the prospect of long-term effects from 100-rem levels. However, it 
is also important to note that the individuals involved in the actual physical operations 
may not be informed as to the presence of or the effects of the radiation field. 


pees: 
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Table 3.3-9. erauny cae Dose Rates at a Distance of 1 m From a 5-kg Sphere 
233y Containing Various Concentrations of 2 52uUa 





From Ref. 16. 


Orme after separation. 
“concentration of 232y. 


Dose Rate at 1 m (mr/hr) 





100_ppm” 500 _ppm 1000_ppm 5000_ppm 
0 0 0 0 
1.6x1074 8x10 1.6x1079 8x107> 
4.3x10° 2.1x10! 4.3x10! 2.1x10° 
3.5x10! 1.8x102 3.5x102 1.8x10° 
1.1x102 5.7x10 1.1x10° 5.7x10° 
2.6x10° 1.3x10° 2.6x10° 1.3x104 
5.5x10 2.8x10 5.5x10° 2.8x10" 
1.3x10 6.7x10 1.3x10* 6.7x10" 


Table 3,3-10. Effects of Various Total Body Doses of Gamma Rays on Individuals® 





Total Body Dose 
rem 


< 25 
25-100 
100-200 


200-600 


600-1,000 


1,000-5 000 


5,000-10,000 


10,000-50,000 


Effects 


No likely acute health effects. 
No acute effects other than temporary blood changes. 


Some discomfort and fatigue, but no major disabling effects; 
chances of recovery excellent. 


Entering lethal range (LD-50 ~ 500 rads); death may occur 
within several weeks; some sporadic, perhaps temporary dis- 
abling effects will occur (nausea, vomiting, diarrhea) with- 
in hour or two after exposure; however, effects are unlikely 
to be completely disabling in first few hours. 


Same as above, except that death within 4-6 weeks is highly 
probable. 


Death within week or two is practically certain; disabling 
effects within few hours of exposure will be more severe 
than above, but only sporadically disabling. 


Death will occur within about 48 hr; even if delivered in 
less than one hour, dose will not cause high disability for 
several hours, except for sporadic. intense vomiting and 
diarrhea; convulsing and: abate will be likely after 
several hours. : 


Death will occur within a few hours or less, with complete 


_incapacitation within minutes if dose is delivered within 


that Bren’ period. 





From Ref. 17. 
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An additional factor relative to the deterrent effect is the time required to carry 
out the necessary operations. This is illustrated by Table 3.3-11, which gives the dose 
rates (in rem/hr) required to acquire each of three total doses within various times, 
varying from a totally incapacitating 20,000 rem to a prudent individual's dose of 100 
rem. Thus, to divert a small amount of fissile material to a portable, shielded container 
might take less than 10 seconds, in which case a dose rate of 107 rem/hr would be required 
to prevent completion of the transfer. Only 200 rem/hr would be required, on the other 
hand, to deliver a lethal dose to someone who spends five hours close to unshielded 233U 
while performing the complex operations required to fabricate components for an explosive 
device. The maximum anticipated concentration of 232U as projected for denatured fuel 
does not provide sufficient intensity to reach totally disabling levels. Fast-reactor 
bred material (depending on time after separation and quantity as well as 232U concentra- 
tion) can come within the 100-rem/hr range. 


Table 3.3-11. Gamma-Ray Dose Rates for Three Levels of Total Dose vs. Exposure Time? 


Dose Rate (rem/hr) Required to Deliver Total Dose of 


Time of Exposure rem 1 rem 0,000 rem 
10 sec 36,000 360,000 7,400,000 

1 min 6,000 60,000 1,200,000 

5 min 1,200 12,000 240,000 

30 min 200 2,000 40,000 

1 hr 100 1,000 20,000 

5 hr 20 200 4,900 

12 hr 8.3 83 1,660 


aFrom Ref. 18. 


The fact that the level of radiation of 232U-contaminated 233U increases with time 
is a major disadvantage for a 233U-based nuclear explosive device. There is a window of 
10 to 20 days immediately following chemical separation when the material is comparatively 
inactive due to the removal of 228Th and its daughters. Having to deliver a device less 
than ten days after fabricating it would be undesirable. While the tamper would provide 
some shielding, this short time schedule would complicate the situation considerably. 


For a national program it is likely that the military would want a clean 233y 
weapon. This could be accomplished to a large degree by separating the 232U from the 
233 using gas centrifugation. However, because the masses are only 1 amu apart this 
requires several thousand centrifuges to make 100 kg of clean material per year (see Sec- 
tion 3.4.4). A nation possessing this isotopic separation capability would therefore prob- 
ably choose to enrich natural uranium rather than to utilize denatured fuel, thus eliminat- 
ing the 232U-induced complications. 


‘ 


ee | 
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In summary, for the case of national proliferation, the intense gamma-ray field as- 
sociated with the 232U impurity would not provide any absolute protection. However, the 
presence of 233 and its decay daughters would complicate weapons production sufficiently 
so that the nation might well prefer an alternate source of fissile material. For the case 
of subnational proliferation, the intense gamma-ray field is expected to be a major deter- 
rent. 
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CHAPTER 4 
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4.0. INTRODUCTION 


L. S. Abbott, T. J. Burns, and J. C. Cleveland 
Oak Ridge National Laboratory 


The three preceding chapters have introduced the concept of 233U fuel and its use in 
nuclear power systems that include secure (guarded) energy centers supporting dispersed power 
reactors, the rationale for such systems being that they would allow for the production and 
use of fissile material in a manner that would reduce weapons proliferation risks relative 
to power systems that are increasingly based on plutonium-fueled reactors. Throughout the 
discussion it has been assumed that the use of denatured 233U fuel in power reactors is 
feasible; however, up to this point the validity of that assumption has not been addressed. 
A number of calculations have been performed by various organizations to estimate the 
impact that conversion to the denatured cycle (and also to other "alternate" fuel cycles) 
would have on power reactors, using as models both existing reactors and reactors whose 
designs have progressed to the extent that they could be deployed before or shortly after 
the turn of the century. This chapter presents pertinent results from these calculations 
which, together with the predictions given in Chapter 5 on the availability of the various 
reactors and their associated fuel cycles, have been used to postulate specific symbiotic 
nuclear power systems utilizing denatured fuel. The adequacy of such systems for meeting 
projected electrical energy demands is then the subject of Chapter 6. 


The impact of an alternate fuel cycle on the performance of a reactor will, of 
course, be reactor specific and will largely be determined by the differences between the 
neutronic properties of the fissile and fertile nuclides included in the alternate cycle 


_ and those included in the reactor's reference cycle. In the case of the proposed denatured 


fuel, the fissile nuclide is 233U and the primary fertile nuclide is 232Th, with fertile 
238 included as the 233U denaturant. If LWRs such as those currently providing nuclear 
power in the United States were to be the reactors in which the denatured fuel is deployed, 
then the performance of the reactors using the denatured. fuel must be compared with their 
performance using a fuel comprised of the fissile nuclide 235 and the fertile isotope 
238, And since the use of 233U° assumes recycle, then the performance of the LWRs using 


denatured fuel must also be compared with LWRs in which Pu is recycled. Similarly, if 
FBRs were to be the reactors in which the denatured fuel is deployed, then the performance 
of FBRs operating on 233u/238y or 233U/238y/232Th and including 232Th in their blankets 


must be compared with the performance of FBRs operating on Pu/238U surrounded by a 238U 
blanket. 


A significant point in these two examples is that they represent the two generic 
types of power reactors -- thermal and fast -- and that the neutronic properties of the 
fissile and fertile nuclides in a therma}-neutron environment differ from their properties 
in a fast-neutron environment. Thus while one fissile material may be the optimum fuel in 
a reactor operating on thermal neutrons (e.g., LWRs) it may be the least desirable fuel 
for a reactor operating on fast neutrons (e.g., FBRs). 
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Table 4.0-1 gives some of the pertinent neutronic properties of the different fis- 
sile nuclides for a specific thermal-neutron energy. In discussing these properties,* it 
is necessary to distinguish between the two functions of a fissile material: the production 
of energy (i.e., power) and the production of excess neutrons which when absorbed by fertile 
material will produce additional fissile fuel. 


Table 4.0-1. Nuclear Parameters of the Principal Fissile Nuclides 
233y, 235y, 239py, and 241pu2.5 at Thermal Energy 
(Neutron Energy = 0.0252 eV, velocity = 2200 m/sec) 


Cross Section (barns) 





Nuclide o5 og o a v n 

233y 578 + 2 531 + 2 47 +] 0.089 + 0.002 2.487 + 0.007 2.284 + 0.006 
235y 678 + 2 580 + 2 98 +1 0.169 + 0.002 2.423 + 0.007 2.072 + 0.006 
239py 1013 + 4 742 +3 271 +3 0.366 + 0.004 2.880 + 0.009 2.109 + 0.007 
241py 1375 +9 1007+7 368+8 0.365 + 0.009 2.934+0.012 2.149 + 0.014 





a 

G. C. Hanna et al., Atomic Energ. Rev. 7, 3-92 (1969); figures in the referenced article 
were all given to one additional significant figure. 
b gels 

0, * % tojsas o/o¢3 v = neutrons produced per fission; n = neutrons produced per atom 
destroyed = v/(1 +a). 


The energy-production efficiency of a fissile material is directly related to its 
neutron capture-to-fission ratio (a), the smaller the ratio the greater the fraction of 
neutron-nuclide interactions that are energy-producing fissions. As indicated by Table 
4.0-1, at thermal energy the value of a is significantly smaller for #33U than for the 
other isotopes, and thus 233U has a greater energy-production efficiency than the other 
isotopes. (The energy released per fission differs only slightly for the above isotopes.) 


The neutron-production efficiency of a fissile material is determined by the number 
of neutrons produced per atom of fissile material destroyed (n), the higher the number the 
more the neutrons that will be available for absorption in fertile material. Table 4.0-1 
shows that the n value for 233U is higher than that for any of the other nuclides, although 
plutonium would at first appear to be superior since it produces more neutrons per fission 
(v). The superiority of 233U results from the fact that is lower for 293U and n = v/(1 +a). 
Thus at thermal energies 233U both yields more energy and produces more neutrons per atom 
destroyed than any of the other fissile nuclides. 


In the energy range of interest for fast reactors (0.05 - 1.0 MeV), the situation 
is not quite so straightforward. Here again, the a value for 233U is significantly lower 
than the values for the other fissile nuclides, and, moreover, the microscopic cross sec- 
tion for fission is higher (see Fig. 4.0-1). The energy release per fission of 239U is 
somewhat less than that of the plutonium nuclides, but the energy release per atom of 733U 
destroyed is significantly higher than for the other nuclides. Thus, from the standpoint 


*Much of this discussion on the neutronic properties of nuclides is based on refs. 1 - 3. 
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of energy-production efficiency, 233U is clearly superior for fast systems as well as for 
thermal systems. However, with the historical emphasis on fissile production in fast systems, 
the overriding consideration is the neutron-production efficiency of the system, and for 
neutron production 239Pu is superior. This can be deduced from the values for n given in 

Fig. 4.0-1. The n value for 239Pu is much higher than that for the other nuclides, es- 
pecially at the higher neutron energies, owing to the fact that 239Pu produces more neutrons 
per fission than the other isotopes; that is, it has a higher v value, and that value is es- 
sentially energy-independent. As a result, more neutrons are available for absorption in 
fertile materials and 229Pu was originally chosen as the fissile fuel for fast breeder 
reactors. 


The fission properties of the fertile nuclides are also important since fissions in 
the fertile elements increase both the energy production and the excess neutron production 
and thereby reduce fuel demands. At higher energies, fertile fissions contribute signifi- 
cantly, the degree of the contribution depending greatly on the nuclide being used. As 
shown in Fig. 4.0-1, the fission cross section for 232Th is significantly lower (by a factor 
of approximately 4) than the fission cross section of 298U. Ina fast reactor, this means 
that while 15 to 20% of the fissions in the system would occur in 23°U, only 4 to 5% would 
occur in 232Th. Thus the paired use of 233U and 232Th in a fast system would incur a double 
penalty with respect to its breeding performance. It should be noted, however, that since 
denatured 233U fuel would also contain 238U (and eventually 239Pu), the penalty would be 
somewhat mitigated as compared with a system operating on a nondenatured 233U/232Th fuel. 

In a thermal system, the fast fission effect is less significant due to the smaller fraction 
of neutrons above the fertile fast fission threshold. 


In considering the impact of the fertile nuclides on reactor performance, it is also 
necessary to compare their nuclide production chains. Figure 4.0-2 shows that the chains 
are very similar in structure. The fertile species 232Th and 234U in the thorium chain 
corresponding to 238U and 24°Pu in the uranium chain, while the fissile components 233U and 
235y are paired with 239Pu and “!Pu, and finally, the parasitic nuclides 236U and 2*2Py 
complete the respective chains. A significant difference in the two chains Ties in the 
nuclear characteristics of the intermediate nuclides 733Pa and 2°7Np. Because 233Pa has 
a longer half-life (i.e., a smaller decay constant), intermediate-nuclide captures are more 
probable in the thorium cycle. Such captures are doubly significant since they not only 
utilize a neutron that could be used for breeding, but in addition eliminate a potential 
fissile atom. A further consideration associated with the different intermediate nuclides 
is the reactivity addition associated with their decay to fissile isotopes following reactor 
shutdown. Owing to the longer half-life (and correspondingly higher equilibrium isotopic 
concentration) of 233Pa, the reactivity addition following reactor shutdown is higher for 
thorium-based fuels. Proper consideration of this effect is required in the design of the 
reactivity control and shutdown systems. The actual effect of all these factors, of course, 
depends on the neutron energy spectrum of the particular reactor type and must be addressed 
on an individual reactor basis. Significant differences also exist in the fission-product 
yields of 233 versus 235U, and these, too, must be addressed on an individual reactor basis. 
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Fig. 4.0-2b. Nuclide Production Chain for 238y, 


Consideration of many of the above factors is inherent in the "mass balance" calcula- 
tions presented in this chapter for the various reactors operating on alternate fuel cycles. 
It is emphasized, however, that if a definite decision were made to employ a specific alternate 
fuel cycle in a specific reactor, the next step would be to optimize the reactor design for 
that particular cycle, as is discussed in Chapter 5. Optimization of each reactor for the 
many fuels considered was beyond the scope of this study, however,.and instead the design 
LU es used for each reactor was the design for that reactor's reference fuel, regardless of the 

fuel cycle under consideration. 





lew The reactors analyzed in the calculations are light-water thermal reactors; spectral- 
shift-controlled thermal reactors; heavy-water thermal reactors; high-temperature gas- 
cooled thermal reactors; liquid-metal fast breeder reactors; and fast breeder reactors of 


advanced or alternate designs. 
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Since with the exception of the Fort St. Vrain HTGR, the existing power reactors in 
the United States are LWRs, initial studies of alternate fuel cycles have assumed that they 
would first be implemented in LWRs.* Thus the calculations for LWRs, summarized in Sec- 
tion 4.1 have considered a number of fuels. For the purposes of the present study the fuels 
have been categorized according to their potential usefulness in the envisioned power system 
scenarios. Those fuel types that meet the nonproliferation requirements stated earlier in 
this report are classified as "dispersible" fuels that could be used in LWRs operating out- 
side a secure energy center. The dispersible fuels are further divided into denatured 233y 
fuels and 235U-based fuels. The remaining fuels in the power systems are then categorized as 
"energy-center-constrained" fuels. Finally, a fourth category is used to identify "reference" 
fuels. Reference fuels, which are not to be confused with an individual reactor's reference 
fuel, are fuels that would have no apparent usefulness in the energy-center, dispersed-reactor 
scenarios but are included as limiting cases against which the other fuels can be compared. 
(Note: The reactor's reference fuel may or may not be appropriate for use in the reduced 
proliferation risk scenarios.) 


To the extent that they apply, these four categories have been used to classify all 
the fuels presented here for the various reactors. Although the contributing authors have 
used different notations, the fuels included are in general as follows: 


Dispersible Resource-Based Fuels 


A. Natural uranium fuel (containing approximately 0.7% 235U), as currently used in 
CANDU heavy-water reactors. Notation: U5(NAT)/U. 

B. Low-enriched 235U fuel (containing approximately 3% 235U), as currently used in 
LWRs. Notation: LEU; U5(LE)/U. 

C. Medium-enriched 235U fuel (containing approximately 20% 235U) mixed with thorium 
fertile material; could serve as a transition fuel prior to full-scale implementa- 
tion of the denatured 233U cycle. Notation: MEU(235)/Th; DUTH(235). 


Dispersible Denatured Fuel 


D. Denatured 233U fuel (nominally approximately 12% 233U in U), Notation: Denatured 
233Y; ‘denatured uranium/thorium; denatured 233U0./ThO2; MEU(233)/Th; 235u/238U; 
DUTH(233); U3(DE)/U/Th. 


_ *NOTE: The results presented in this chapter do not consider the potential improvements 


in the once-through LWR that are currently under study. In general, this is also true 
for the resource-constrained nuclear power systems evaluated in Chapter 6; however, 
Chapter 6 does include results from a few calculations for an extended exposure 
(43,000-MWD/MTU) once-through LEU-LWR. The particular extended exposure design con- 
sidered requires 6% less U30g3 over the reactor's lifetime. 
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Energy-Center-Constrained Fuels 


E. LEU fuel with plutonium recycle. 
F. Pu-232Th mixed-oxide fuel. Notation: Pu0./ThO,; (Pu-Th)0.;°Pu/Th. 


G. Pu-238U mixed-oxide fuel, as proposed for currently designed LMFBRs. Notation: 
Pu0,/U02; Pu/?2U; Pu/U. 


Reference Fuels 


_ H. Highly enriched 235U fuel (containing approximately 93% 235U) mixed with thorium 
fertile material, as currently used in HTGRs. Notation: HEU(235)/Th; US(HE)/Th. 


I. Highly enriched 233U fuel (containing approximately 90% 233U) mixed with thorium 
fertile material. Notation: HE(233)/Th; U3/Th; U3(HE)/Th. 


Including plutonium-fueled reactors within the energy centers serves a two-fold purpose: 
It provides a means for disposing of the plutonium produced in the dispersed reactors, and 
it provides for an exogeneous source of 233U. 


The discussion of LWRs operating on these various fuel cycles presented in Section 
4.1 is followed by similar treatments of the other reactors in Sections 4.2 - 4.6. The 
first, the Spectral-Shift-Control led Reactor (SSCR), is a modified PWR whose operation on 
a LEU cycle has been under study by both the United States and Belgium for more than a 
decade. The primary goal of the system is to improve fuel utilization through the in- 
creased production and in-situ consumption of fissile plutonium (Put). The capture of neu- 
trons in the 238U included in the fuel elements is increased by mixing heavy water with 
the light-water moderator-coolant, thereby shifting the neutron spectrum within the core 
to energies at which neutron absorption in 238U is more likely to occur. The heavy water 
content in the moderator is decreased during the cycle as fuel reactivity is depleted. The 
increased capture is also used as the reactor control mechanism. The SSCR jis one of a class 
of reactors that are increasingly being referred to as advanced converters, a term applied 
to a thermal reactor whose design has been modified to increase its production of fissile 
material. 

Heavy-water-modified thermal] reactors are represented here by Canada's natural- 
uranium-fueled CANDUs. Like the SSCR, the CANDU has been under study in the U.S. as an 
advanced converter, and scoping calculations have been performed for several fuel cycles, . 
including a slightly enriched 235y cycle that is considered to be the reactor's reference 
cycle for implementation in the United States. 


The high-temperature gas-cooled thermal reactors considered are the U.S. HTGR and 
the West German Pebble Bed Reactor (PBR), the PBR differing from the HTGR in that it 
utilizes spherical fuel elements rather than prismatic fuel elements and employs on-line re- 
fueling. For both reactors the reference cycle [HEU(233U)/Th] includes thorium, and shifting 
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to the denatured cycle would consist initially in replacing the 93% 235U in 238U with 15 
to 20% 235U in 238U. The HTGR has reached the prototype stage at the Fort Vrain plant in 
Colorado and a PBR-type reactor has been generating electricity in West Germany since 1967. 


While the above thermal reactors show promise as power-producing advanced converters, 
they will not be self-sufficient on any of the proposed alternate fuel cycles and will re- 
quire an exogenous source of 233U, An early but limited quantity of 233U could be provided 


by introducing thorium within the cores of 235U-fueled LWRs, but, as has already been pointed 
out in this report, for the long-term, reactors dedicated to 233U production will be required. 


In the envisioned scenarios those reactors primarily will be fueled with Put, In the 
calculations presented here a principal 22° production reactor is the mixed-oxide-fueled 
LMFBR containing thorium in its blanket. In addition, “advanced LMFBRs" that have 

blanket assemblies intermixed with fuel assemblies are examined. The possible advantages 
and disadvantages of using metal- or carbide-based LMFBR fuel assemblies are also discussed. 
Finally, some preliminary calculations for a helium-cooled fast breeder reactor (GCFBR) are 
presented. 


The consideration of fast reactors that burn one fissile material to produce another 
has introduced considerable confusion in reactor terminology which, unfortunately, has not 


been resolved in this report. In the past, the term fast breeder has been applied to a 


fast reactor that breeds enough of its own fuel to sustain itself. Thus, the fast reactors 
that burn 239Pu to produce 233U are not "breeders" in the traditional sense. They are, 
however, producing fuel at a rate in excess of consumption, which is to be contrasted with 
the advanced thermal converters whose primary function is to stretch but not increase the 
fuel supply. In order to distinguish the Pu-to-233U fast reactors from others, the term 
transmuters was coined at ORNL. Immediately, however, the word began to be applied to 
any reactor that burns one fuel and produces another. Moreover, it soon became obvious 
that the words fast and breeder are used synonymously. Thus in this report and elsewhere 
we find various combinations of terms, such as LMFBR transmuter and converter transmuter. 
The situation becomes even more complicated when the fast reactor design uses both 23U 
and 232Th in the blanket, so that in effect it takes on the characteristics of both a 
transmuter and a breeder. 


Finally, the reader is cautioned not to infer that only those reactors discussed in 
this chapter are candidates for the eneray-center, dispersed-reactor scenarios. In fact, 
the scenarios discussed in Chapter 6 do not even use all these reactors and they could 
easily consider other reactor types. The selection of reactors for this preliminary 
assessment of the denatured 233U fuel cycle was based primarily on the availability of 
data at the time the study was initiated (December, 1977). 
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4.1. LIGHT-WATER REACTORS 


_dJ. C. Cleveland 
Oak Ridge National Laboratory 


If an alternate cycle such as the denatured cycle is to. have a significant early impact, 
it must be implemented in LWRs already operating in the United States or soon to be operating. 
The current national LWR capacity is about 48 GWe and LWRs that will provide a total capacity 
of 150 to 200 GWe by 1990 are either under construction or on order. Much of the initial 
analyses of the denatured 233U fuel cycle has therefore been performed for current LWR core 
and fuel assembly designs under the assumption that subsequent to the required fuels development 
and demonstration phase for thoria fuels these fuels could be used as reload fuels for operating 
LWRs. It should be noted, however, that these current LWR designs were optimized to minimize 
power costs with LEU fuels and plutonium recycle, and therefore they do not represent optimum 
designs for the denatured cycle. Also excluded from this study are any improvements in reac- 
tor design and operating strategies that would improve in-situ utilization of bred fuel and 
reduce the nonproductive loss of neutrons in LWRs operating on the once-through cycle. Studies 
to consider such improvements have recently been undertaken as part of NASAP (Nonproliferation 
Alternative Systems Assessment Program). 


4.1.1. Pressurized Water Reactors 


Mass flow calculations for PWRs presented in this chapter were performed primarily 
by Combustion Engineering, with some additional results presented from ORNL calculations. 
The Combustion Engineering System go™ (PWR) design was used in all of these analyses. A 
description of the core and fuel assembly design is presented in the Combustion Engineering 
Standard Safety Analysis Report (CESSAR). The following cases have been analyzed:!-6 


Dispersible Resource-Based Fuels 
A. LEU (i.e., low enriched uranium, +3% 235U in 238U), no recycle. 
B. MEU/Th (i.e., medium-enriched uranium, 20% 235U in 238U, mixed with 232Th), 
no recycle. 
C. LEU, recycle of uranium only, 235U makeup. 
D. MEU/Th, recycle of uranium (235 + 233y), 20% 235U makeup.* 


Dispersible Denatured Fuel 
E. Denatured 233U (i.e., 112% 233U in 238U, mixed with 232Th), recycle of uranium, 


233y makeup. 


*An alternate case utilizing 93% 235U as a fissile topping for recovered recycle uranium and 
utilizing 20% 235U as fresh makeup is also discussed by Combustion Engineering. 
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Energy-Center-Constrained Fuels 
F. LEU, recycle of uranium and self-generated plutonium, 235U makeup. 
G. Pu/238U, recycle of plutonium, plutonium makeup. 
H. Pu/232Th, recycle of plutonium, plutonium makeup. 
I. Pu/232Th, one-pass plutonium, plutonium makeup. 


Reference Fuel 


J. HEU/Th (i.e., highly enriched uranium, 93.15 w/o 235U in 238U, mixed with 232Th), 
recycle of uranium (235U + 233U), 235U makeup. 
Case A represents the current mode of LWR operation in the absence of reprocessing. 
Case B involves the use of MEU/Th fuel in which the initial uranium enrichment is limited 
to 20% 235y/238U, With reprocessing again disallowed, Case B reflects a "stowaway" option 
in which the 29°y bred in the fuel and the unburned 235y are reserved for future utilization. 


Case C represents one logical extension of Case A for the cases where the recycle 
of certain materials is allowed. However, consistent with the reduced proliferation risk 
ground rule, only the uranium component is recycled back into the dispersed reactors. Case D 
similarly reflects the extension of Case B to the recycle scenario. In this case, the bred 
plutonium is assumed to be separated from the spent fuel but is not recycled. MEU(20% 235U/U)/Th 
fuel is used as makeup material and is assumed to be fabricated in separate assemblies from 
the recycle material. Thus, only the assemblies containing recycle material require remote 
fabrication due to the presence of 232U, (It is assumed that the presence of the 732U pre- 
cludes the recovered uranium being reenriched by isotopic separation.) The recovered uranium 
from both the recycle and the makeup fuel fractions are mixed together prior to the next 
recycle. This addition of a relatively high quality fissile material (uranium recovered from 
the makeup fuel) to the recycle fuel stream slows the decrease in the fissile content of 
the recycle uranium. As in the LEU cycle, the fissile component of the recycle fuel in 
this fuel cycle scheme is diluted with 23°U which provides a potential safeguards advantage 
over the conventional concept of plutonium recycle in LWRs with about the same U30, 
utilization. 


Case E.is the denatured 233yu fuel. It utilizes an exogenous source of 233U for both 
the initial core fissile requirements and the fissile makeup requirements. 


Cases F - I represent possible fissile/fertile fuel cycle systems allowable for use 
in secure energy centers. Case F represents an extension of Case C in which all the fissile 
material present in the spent fuel, including the plutonium, is recycled. Under equilibrium 
conditions, about 1/3 of each reload fuel batch consists of mixed oxide (M02) fuel assemblies 
which contain the recycled plutonium in a uranium diluent. The remaining 2/3 of each reload 
consists of fresh or recycled uranium (235U) oxide fuel. 


Case G allows one possible means for utilizing the plutonium bred in the dispersed 
reactors. Plutonium discharged from LEU-LWRs is usec to provide the initial core fissile 
requirements as well as the fissile makeup requirements. This plutonium is blended in a 
U0, diluent consisting of natural or depleted uranium. The plutonium discharged from the 
U0,/Pu0, reactor is continually recycled - with two years for reprocessing and refabrica- 
tion - through the reactor. In the equilibrium condition, plutonium discharged from about 
2.7 LEU-fueled LWRs can provide the makeup fissile Pu requirement for one UQ,/Pu0, LUR. 


In Case H the Pud2/ThO2 LWR also utilizes plutonium discharged from LEU-LWRs to 
provide the initial core fissile requirements and the fissile makeup requirements. This 
plutonium is blended in a ThO, diluent. The isotopically degraded plutonium recovered from 
the Pu02/ThOs LWR is blended with LEU-LWR discharge plutonium (of a higher fissile content) 
and recycled back into the Pu0./ThO. LWR. Not only does this case provide a means of 
eliminating the Pu bred in the dispersed reactors but, in addition, also provides for the 
production of 233U that can be denatured and used to fuel dispersed reactors. 


The Pu0./ThO. LWR of Case I is similar to that in Case H in that plutonium discharged 


. from LEU-LWRs is used to provide the fissile requirements, However, the isotopically degraded 


plutonium recovered from the Pu./ThO. LWR is not recycled into an LWR but is stored for 
later use in a breeder reactor. 


Case J involves the use of highly enriched uranium blended with Th0. to the desired 
fuel enrichment. The uranium enrichment in HEU fuels was selected as 93.15 w/o on the basis 
of information in Ref. 7. Initially all fuel consists of fresh HEU/Th fuel assemblies. Once 
equilibrium recycle conditions are achieved, about 35% of the fuel consists of this fresh 
makeup fuel, the remaining fuel assemblies in each reload batch containing the recycled (but 
not re-enriched) uranium oxide blended with fresh ThO.. 


Table 4.1-1 provides a summary, obtained from the detailed mass balance information, 
of initial loading, equilibrium cycle loading, equilibrium cycle discharge, and 30-year 
cumulative U30g and separative work requirements. All recycle cases involve a two-year 
ex-reactor delay for reprocessing and refabrication. It is important to point out that for 
cases which involve recycle of recovered fissile material back into the same LWR, in 
“equilibrium”. conditions the makeup requirement for a given recycle generation is greater 
than the difference between the charge and discharge quantities for the previous recycle 
generation because of the degradation of the isotopics. This is especially important in 
Case H where, for example, the fissile content of the plutonium drops from about 71% to 
about 47% over an equilibrium cycle. 


Comparing Cases A and B of Table 4.1-1 indicates the penalties associated with im- 
plementation of the MEU/Th cycle relative to the LEU cycle under the restriction of no re- 
cycle. The MEU/Th case requires 40% more U30g and 214% more separative work than the LEU 
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case, Clearly the MEU/Th cycle would be prohibitive for "throwaway" options. A second signi- 
ficant result from Table 4.1-1 is given by the comparison of Case D, MEU/Th with uranium recycle 
and Case F, LEU with uranium and self-generated plutonium recycle. The U30g demand in each 

case is the same, although the MEU/Th cycle requires increased separative work. Additionally 

it should be noted that in Case D the MEU/Th fuel also produces significant quantities of 
plutonium, an additional fissile material stockpile which is not recycled in this case. 


_ Table 4.1-1, Fuel Utilization Characteristics for PWRs Under Various Fuel Cycle Options*/? 





Separative Work 


Initial Equilibrium Cycle U,0, Requirement Requirement 

Fissile ~ Fissile Fissile ST/GWe (103 kg SWU/GWe) 

Inventory Charge Discharge Converston Burnup d . 30-yr ‘ 
Fuel Type kg/GWe kg/GWe-yr. kg/GWe- Ratio Mu M) Initial” To tie Initial © Total 


Dispersible Resource-Based Fuels 


A LEU, no recycle 1693 235y = 794 235y 215 238y 0.60 30.4f 392. «59897 203 ©3555 
174 Pu 
B -MEU/Th, no recycle 2538 235y = 1079 235y 260 258y 0.63 32.6 638 8360 580 7595 
3 u 
71 Puf 
C LEU, U recycle 1693 235y - - 0.60 30.4 392 4946 203 3452 
D = MEU/Th, self- 2538 23%5y = 313 2334 9 2g2 2349 0.66 32.6 638 4090 580 3632 
generated U recycle 675 235y9 = 257 ay 
95 Pu 


Dispersible Denatured Fuel 


E Denatured 2 33y02/ThO2, 1841 233y 750 233y 446 233y 33.4 
u recycle (exogenous 27 235y 29 235y 43 235y 
233y makeup) 63 Puf 


Energy-Center-Constrained Fuels 


F sLEU, recycle of U* 1693 235y 612 235y 193 235y 0.61 30.4 392 4089 203 ©2690 
self-generated Pu 258 Puf 288 Puf 
G  Pu02/U02, Pu recycle 1568 Puf 1153 Puf 858 Puf 0.63 30.4 100 =: 1053 0 0 
546 235y 173 2 35y 108 235y 
H — PuOz/ThOz, Pu recycle 2407 Puf 1385 Puf 696 Puf 33.0 
272 233y 
I Pu0,/ThO2, single Pu 2407 Puf 1140 Puf 410 Puf 33.0 
pass 284 233y 


Reference Fuel” 


d HEU/Th, self-generated 2375 235y 388 233 377 233y 0.67 33.4 597 3453 596 3436 
U recycle ; 504 235y 172 235y 


BAI] cases assume 0,2 w/o tails and 75% capacity factor. 
‘All calculations were performed for the 3800-Mit, 1300-MWe Combustion Engineering System go™ reactor design. 
ssumes 1.0% fabrication loss and 0.5% conversion loss. 
lo credit taken for end of reactor life fissile inventory. 


assumes 1.0% fabrication loss. 

An additional case 1s considered in Chapter 6 in which an extended exposure (43 MWD/kg HM) LEU-PWR on a once-through cycle 
results in a 6% reduction in the 30-yr total U0, requirements, while still? requiring essentially the same enrichment (SWU) 
requirements. Somewhat less plutonium is discharged from the reactor because of a reduced conversion ratio. ; 

Values provided are representative of years 19-23. ‘ 
Reference fuels are considered only as limiting cases. 


Differences in the nuclide concentrations of fertile isotopes from case to case result 
in differences in the resonance integrals of each fertile isotope due to self-shielding effects, 
thus significantly affecting the conversion of fertile material to fissile material. Table 
4,1-2 gives the resonance integrals at core operating temperatures for various fuel combina- 
tions. Although the value of the 238U resonance integral for an infinitely dilute medium 
is much larger than the corresponding value for 232Th, the resonance integral for 238U in LEU 
fuel is only 25% larger than that for 232Th in HEU/Th fuel, indicating the much larger amount 
of self-shielding occurring for 238U in LEU fuel. These two cases represent extreme values, 
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since in each case the one fertile isotope is not significantly diluted by the presence of 
the other. For MEU(20% 235U/U)/Th fuel, the 238U density is reduced by a factor of »6 
(relative to LEU fuel), causing the 238U resonance integral to increase due to the reduced 
self-shielding. . The decrease in the 232Th density for the MEU/Th fuel (relative to the 
HEU/Th) fuel is only a factor of .0.8 - resulting in a much smaller increase in the 232Th 
resonance integral. Thus, although the 238U number density. is roughly six times less in 
MEU/Th fuel than in LEU fuel, the fissile Pu production in the MEU/Th fuel is still 40% of 


that for the LEU fuel as shown in Table 4.1-1 (Cases A-and B) due to the increase in the 


238) resonance integral. 


The presence in denatured uranium-thorium fuels of two fertile isotopes having 
resonances at different energy levels has a significant effect on the initial loading 
requirement. The initial 235U requirement for the HEU/Th and MEU/Th cases is 2375 and 
2538 kg/GWe, respectively, reflecting the penalty associated with the presence of the two 
fertile isotopes in the MEU/Th fuel. 


The large increase in initial 235U requirements shown in Table 4.1-1 for the thorium- 
based HEU/Th and MEU/Th fuels compared to the LEU fuel results primarily from the larger 
thermal-absorption cross section of 232Th relative to 238U as shown in Table 4.1-2. Also 
contributing to the increased 235U requirements is the lower value of n of 235U which re- 
sults from the harder neutron energy spectrum in thorium-based fuels. 


Table 4.1-2. Thermal Absorption Cross Sections and Resonance 
Integrals for 232Th and 238U in PWRs 


Resonance Integral* (barns) 





Isotope o, (0.025 eV) 


a Infinitely In LEU In HEU/Th In MEU(235U/U)/Th 
(barns) Dilute Fuel Fuet Fuel 
232Th 7.40 85.8 — 7 19 
238y 2.73 273.6 21-22 —_ 59-54 


fF or absorption from 0.625 eV to 10 MeV; oxide fuels. 


A further consideration regarding MEU(235U/U)/Th fuel with uranium recycle must also 
be noted. Since the fissile enrichment of the recovered uranium decreases with each genera- 
tion of recycle fuel, the thorium loadings must continually decrease. (As pointed out above, 


it is assumed that the recovered uranium is not reenriched by isotopic separation techniques. } 


The initial core 232Th/238U ratio is +5.8 and the first reload 232Th/238U ratio is 4.4, but 
by the fourth recycle generation the 232Th/238U ratio has declined to +1.4.© An alternative 
is to use HEU (93.15 w/o 235U) as a fissile topping for the recovered uranium. In this way 
the recovered uranium could be reenriched to an allowed denaturing limit prior to recycle, 
thus minimizing the core 238U component and therefore minimizing the production of plutonium. 
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The use of HEU as a fissile topping could be achieved by first transporting uranium recovered 
from the discharged fuel to a secure enrichment facility capable of producing HEU. Next, the 
HEU fissile topping would be added to the recovered uranium to raise the fissile content of 
the product to an allowable limit for denatured uranium, The product (denatured) would then 
be returned to the fabrication plant. MEU(20% 235U)/Th would be used to supply the remainder 
of the makeup requirements. Mass flows for this option in which HEU is used as a fissile 
topping are reported in refs. 2 and 6. For Case D, in which the recycle fuel is not reenriched 
by addition of HEU fissile topping, about 35% more plutonium is bred over 39 yr (.60% more in 
equilibrium) than when the HEU is used as a fissile topping. The 30-yr cumulative U30g and 
SWU requirements for the case in which HEU is used as a fissile topping are 4120 ST U30,/GWe 
and 3940 x 103 SWU/GWe respectively at a 75% capacity factor and 0.20 w/o tails. 


Table 4.1-3. Isotopic Fractions of In addition to the uranium fuel cycles 
Plutonium in Pu0z/ThO2 PWRs discussed above, two different Pu/Th cases were 
analyzed. As indicated in Table 4.1-3, the 


Equilibrium Once-Through Cycle 
—_———_______--—_-_____————-_ degradation of the fissile percentage of the 


Charged Discharged plutonium which occurs in a single pass (i.e., 
239py 0.5680 0.2482 once-through) is rather severe. Thus, in addi- 
240By 0.2384 0.3742 tion to the plutonium recycle case (Case H) a 
241py 0.1428 0.2207 case was considered in which the discharged 
242dy 0.0508 - 0.1568 plutonium (degraded isotopically by the burnup) 
Fissile 0.7108 0.4689 is not recycled but rather is stockpiled for 


Plutonium later use in breeder reactors (Case I). 


Only limited analyses of safety parameters have been performed thus far for the al- 
ternate fuel types. Combustion Engineering has reported some core physics parameters for 
thorium-based (Pu02/ThO2) and uranium-based (Pu02/238U0,) APRs,* and the remaining discus- 
sion in this section is taken from their analysis: 3 


In general, the safety-related core physics parameters (Table 4.1-4) of the two 
burner reactors are quite similar, indicating comparable behavior to postulated accidents 
and plant transients. Nevertheless, the following differences are noted. . The effective 
delayed neutron fraction (B.¢¢) and the prompt neutron lifetime (2*) are smaller for the 
thorium APR. These are the controlling parameters in the reactor's response to short-term 
(vseconds) power transients. However, the most limiting accident for this type transient 
is usually the rod ejection accident and since the ejected rod worth is less for the 
thorium APR, the consequences of the smaller values of these kinetics parameters are 
largely mitigated. . 


The moderator and fuel temperature coefficients are parameters which affect the 
inherent safety of the core. In the power operating range, the combined responses of 
these reactivity feedback mechanisms to an increase in reactor thermal] power must be a 
decrease in core reactivity. Since both coefficients are negative, this requirement is 
easily satisfied. The fuel temperature coefficient is about 25% more negative for the 


*All-plutonium reactors. 








4-18 


thorium APR, while the moderator temperature coefficient is approximately 20% less nega- 
tive, These differences compensate, to a large extent, such that the consequences of 
accidents which. involve a core temperature transient would be comparable. For some 
accidents, however, individual temperature coefficients are the controlling parameters, 
and for these cases the consequences must be evaluated on a case-by-case basis. 


Control rod and soluble boron worths are strongly dependent on the thermal-neutron 
diffusion length. Because of the larger thermal absorption cross section of 232Th and 


_ the higher plutonium loadings of the thorium APR, the diffusion length and, consequently, 
the control rod and soluble boron worths are smaller. Of primary concern is the mainte- 


Table 4.1-4. Safety-Related Core Physics Parameters for Pu-Fueled PWRs 


Third-Cycle - Third-Cycle 
Uranium APR Thorium APR 


Effective Delayed Neutron Fraction 


BOC .00430 0.00344 
EOC P . 00438 0.00367 
Prompt Neutron Lifetime (x 10 Sec) 
10.54 9.03 
EOC 12.53 11.30 
Inverse Soluble Boron Worth (PPM/% Ap) 
221 270 
EOC 180 217 
Fuel Temperature Coefficient (x 1075Ap/°F) 
BoC -1.13 —1.40 
EOC —1.15 —1.42 
Moderator Temperature Coefficient (x 107*Ap/°F) 
BOC —1.65 1.31 
EOC 3.32 2.60 
Control Rod Worth (% of UO. APR) 
BOC - 90 
EOC - 96 


nance of adequate shutdown margin to compensate for the reactivity defects during postu- 
lated accidents, e.g., for the reactivity increase associated with moderator cooldown in 
the steam-line-break accident. The analysis of individual accidents of this type. would 
have to be performed to fully assess the consequences of the 10% reduction in control-rod 
worth at the beginning of cycle. 


The overall results of the above comparison of core physics parameters indicate 


_ that the consequences of postulated accidents for the thorium APR are comparable to those 


of the uranium APR. Furthermore, this comparison indicates that other than the possi- 
bility of requiring additional control rods, a thorium-based plutonium burner is feasible 
and major modifications to a PWR (already designed to accommodate a plutonium-fueled core) 
are probably not required, although some modifications might be desirable if reactors were 
specifically designed for operation with high-Th content fuels. 
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4.1.2. Boiling Water Reactors 


Mass flow calculations for BWRs presented in this chapter were performed by 
General Electric. A description of the fuel assembly designs developed by General 
Electric for the utilization of thorium is presented in Ref. 8. The following cases have 
been analyzed: 82° 


Dispersible Resource-Based Fuels 
A. LEU, no recycle. 
B. MEU/Th, ro recycle. 
B'. LEU/Th mixed lattice (LEU and ThO. rods), no recycle. 
B". LEU/MEU/Th mixed lattice (LEU/Th, MEU/Th, and ThO. rods), no recycle. 
D. LEU/MEU/Th mixed lattice, recycle of uranium, 235U makeup. 


Dispersible Denatured Fuel 


E. Denatured 233y, recycle of uranium, 233U makeup. 


Energy-Center-Constrained Fuels 


F. LEU, recycle of uranium and self-generated plutonium, 235U makeup. 
G. Pu/238U, recycle of plutonium, plutonium makeup. 
H. Pu/?32Th, recycle of plutonium, plutonium makeup. 


Case A represents the current mode of BWR operation. Case B involves the replacement 
of the current LEU fuel with MEU/Th fuel in which the initial uranium enrichment is limited 
to 20% 235y/238y. Cases B' and B" represent partial thorium loadings that could be 
utilized as alternative stowaway options. In Case B' a few of the LEU pins in a 
conventional LEU lattice are replaced with pure ThO2 pins, while in Case B" some LEU 
pins in a conventional lattice are replaced by MEU/Th pins and a few others are replaced 
with the pure ThO. pins. These cases are in contrast with Case B in which a "full" thorium 
loading is used (U02/ThO2 in every pin). Case D represents the extension of Case B" to 
the recycle mode; however, only the uranium recovered from the Th-bearing pins is recycled. 
Cases F-H represent possible fissile/fertile combinations for use in secure energy centers. 


Table 4.1-5 provides a summary of certain mass balance information for BWRs operating 
on these fuel cycles. All recycle cases involve a two-year ex-reactor delay for repro- 
cessing and refabrication. ae 


As was shown in Table 4.1-1 for PWRs, the introduction of thorium into a BWR core 
inflicts a penalty with respect to the resource requirements of the reactor (compare 
U30g and SWU requirements of Cases A and B). However, as pointed out above, Case B is 
for a full thorium loading. In the two General Electric fuel assembly designs® 
represented by Cases B' and B" a much smaller fissile inventory penalty results from 
the introduction of thorium in the core. (Similar schemes may also be feasible for 
PWRs. ) 
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Table 4.1-5. Fuel Utilization Characteristics for BWRs Under Various Fuel Cycle Options® 





Separative Work 





U30g Requirement Requirement 
$44 Equilibrium Cycle (ST/GWe) (103 kg SWU/GWe) 
Initial -———_2 ae 
Fisstle Fissile Fissile 
Inventory — Charge Discharge Burnup 30-yr 30-yr 
Case Fuel Type (kg/GWe)  (kg/GHe-yr) (kg/Gite-yr) (MWD/kg HM) Initia? Total Initial Total 
Dispersible Resource-Based Fuels 
A LEU, no recycle 2200 = 799 235y 235 235y 28.4 ageerd sos? 235% = 3qg04 
150 Puf 
8 MEU/Th, no recycle” - 1132 235y 244 233y 31.6 - g6aor - 77637 
428 235y 
53 Puf 
B' LEU/Th mixed lattice, : 854 235y 24 233y 28.7 : 20f 3836 * 
no recycle@ 243 235y 
138 ~Puf 
BY LEU/MEU/Th mixed lattice, - 917 2385p 125 -233y 30.0 - e352" le 5100 
no recycle® 277 -235y 
92 Puf 
D  LEU/MEU/Th mixed - 147 -233y 152 233y 30.5 - 5503 - 38957 
lattice, self-generated 742 235y 245 235 
U recycleé 98 Puf 
Dispersible Denatured Fuel 
E Denatured 293U0,/ThO,, - 770 233y 452 233y 31.6 0 0 0 0 
U recycle (exogeneous - 15 235y 17° 235y 
233y makeup) @ 55 Pu 
Energy-Center-Constrained Fuels 
F LEU, recycle of U + . é 
self-generated Pu 2200¢ 28.4 496¢ 38699 235° 19809 
G” Pu02/U02, Pu recycle - 71 2a8y 38 235y 27.7 é é é i 
1178 Puf 808 Puf 
H  Pu0,/ThO,, Pu recycle® = - 1705 Put 275 233y 29.8 0 0 0 0 
954 Puf 





a 
All cases assume 0.2 w/o tails and 75% capacity, factor; blank columns included to show no dat 
PWRs (Table 4.1-1) are available. a corresponding to that given for 


bn credit taken for end-of-reactor-life fissile inventory. 
“Initial cycle is 1.47 yr in length at 75% capacity factor. 


From ref. a. Based on three-enrichment-zone initial core, axial blankets and improved refueling patterns which are currently 
being retrofitted into many BWRs. 30-yr U3, and SWU requirements supplied to INFCE for a reference BWR not employing these 
improvements are 6443 ST U308/GWe and 3887 x 103 SWU/GWe respectively. 


analyses performed for equilibrium cycle only. 
§approximated from equilibrium cycle requirements. 
SFrom ref. 8. 

heron ref. 10; adjusted from 80% capacity factor to 75%. 
“Tails uranium used for Plutonium diluent. 


Case B' is a perturbation to the reference U0. BWR assembly design in that the four 
U0, corner pins in each fue] assembly are replaced with four pure ThO. pins. The remaining 
U0. pins are adjusted in enrichment to obtain a desirable local power distribution and to 
achieve reactivity lifetime. In the once-through mode this design increases U30g require- 
ments by only 2% relative to the reference design. This option could be extended by 
removing the ThO. corner pins from the spent fuel assemblies, reassembling them into new 
assemblies, and reinserting them into the reactor. This would permit the ThO. pins to 
achieve increased burnups (and also increased 233y production) without reprocessing. 
U30g requirements for this scheme (i.e., re-use of the ThO, rods coupled with U0, stowaway) 
are approximately 1.3% higher than for the reference U0, cycle.® 
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Case B" is a modification of Case B’ in that in addition to the four Th0. corner 
pins, the other peripheral pins in the assembly are composed of MEU(235)/Th. The 
remainder of the pins contain LEU. In the once-through mode this design increases U30, 
requirements by 12% relative to the reference BWR U0, design. 


Both Case B' and Case B" would offer ‘operational benefits to the BWR since they 
have a less negative dynamic void coefficient than the reference U0, design.® . This is 
desirable since the sensitivity to pressure transients is reduced. As shown in Table 


~ 4,3-&, in equilibrium conditions a BWR employing the ThO. corner pin once-through de- 


sign would discharge 24 kg 233U/Gie annually while the BWR employing the peripheral ThO, 
mixed lattice design would discharge 125 kg 233U/GWe annually. 


Use of these options in the once-through mode not only could improve the operational 
performance of the BWR but also would build up a supply of 233U, This supply would then 
be available if a denatured 233U cycle (together with reprocessing) were adopted at a later 
time. Furthermore, use of the mixed lattice designs could be used to acquire experience 
on the performance of thorium-based fuels in BWRs. Similar schemes for the use of thorium 
in the once-through mode may also be feasible in PWRs. 


Although only limited scoping analysis of the safety parameters involved in the 
use of alternate fuels in BWRs has been performed,® the BWR thorium fuel designs appear 
to offer some advantageous trends over U0. designs relative to BWR operations and safety. 
Uranium/thorium fuels have a less negative steam void reactivity coefficient than the 
U0. reference design at equilibrium. This effect tends to reduce the severity of 
overpressurization accidents and improve the reactor stability. The less negative void 


‘reactivity coefficient for the denatured 235U/Th fuel indicates that the core will have a 


flatter axial power shape than the reference U0. design. This could result in an 
increase in kW/ft margin and increase the maximum average planar heat generation ratio 
(MAPLHGR). Alternatively, if current margins are maintained, the flatter axial power 
shape could be utilized to increase the power density or to allow refueling patterns 
aimed at improved fuel utilization. 
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4.2. SPECTRAL-SHIFT-CONTROLLED REACTORS 


N. L. Shapiro 
Combustion Engineering, Inc. 


The Spectral-Shift-Controlled Reactor (SSCR) is an advanced thermal converter 
reactor that is based on PWR technology and offers improved resource utilization, partic- 
ularly on the denatured fuel cycle. The SSCR differs from the conventional PWR in that it 
is designed to minimize the number of reactions in control materials throughout the plant. 
life, utilizing to the extent possible captures of excess neutrons in fertile material as 
a method of reactivity control. The resulting increase in the production of fissile 
material serves to reduce fuel makeup requirements. 


In the conventional PWR, long-term reactivity control is achieved by varying the 
concentration of soluble boron in the coolant to capture the excess neutrons generated 
throughout plant life. The soluble boron concentration is relatively high at beginning 
of cycle, about 700 to 1500 ppm, and is gradually reduced during the operating cycle by the 
introduction of pure water to compensate for the depletion of fissile inventory and the 
buildup of fission products. 


The SSCR consists basically of the standard PWR with the conventional soluble boron 
reactivity control system replaced with spectral-shift control. Spectral-shift control is 
achieved by the addition of heavy water to the reactor coolant, in a manner analogous to 
the use of soluble boron in the conventional PWR. Since heavy water is a poorer moderator 
of neutrons than light water, the introduction of heavy water shifts the neutron spectrum 
in the reactor to higher energies and results in the preferential absorption of neutrons 
in fertile materials. In contrast to the conventional PWR, where absorption in control 
absorbers is unproductive, the absorption of excess neutrons in fertile material breeds 
additional fissile material, increasing the conversion ratio of the system and decreasing 
the annual makeup requirements. At beginning of cycle, a high (approximately 50-70 mole 2%) 
D.0 concentration is employed in order to increase the absorption of neutrons in fertile 
material sufficiently to control excess reactivity. Over the cycle, the spectrum is 
thermalized by decreasing the D.0/H.0 ratio in the coolant to compensate for fissile 
material depletion and fission-product buildup, until at end of cycle essentially pure 
light water (approximately 2 mole % D20) is present in the coolant. 


The basic changes required to implement spectral-shift control in a conventional 
PWR are illustrated in a simplified and schematic form in Fig. 4.2-1. In the conventional 
PWR, pure water is added and borated water js removed during the cycle to compensate for 
the depletion of fissile material and buildup of fission-product poisons. The borated 
water removed from the reactor is processed by the boron concentrator which separates the 
discharged coolant into two streams, one containing pure unborated water and the second 
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Fig. 4.2-1, Basic Spectral Shift Control Modifications, 


containing boron at high concentrations. The latter stream is stored until the beginning 
of the subsequent cycle where it is used to provide the boron necessary to hold down the 
excess reactivity introduced by the loading of fresh fuel. The SSCR can consist of the 
identical nuclear steam supply system as employed in a conventional poison-controlled 
PWR, except that the boron concentrator is replaced with a D0 upgrader. The function 

of this upgrader is to separate heavy and light water, so that concentrated heavy water 
is available for the next refueling. The upgrader consists of a series of vacuum distil- 
lation columns which utilize the differences in volatility between light and heavy water 
to effect the separation. Although the boron concentrator and the upgrader perform 
analogous functions and operate usina similar processes, the D0 upqrader is much larger 
and more sophisticated, consisting of three or four towers each about 10 ft in diameter 
and 190 ft tall. Although Fig. 4.2-1 illustrates the basic changes required to implement 
the shift-control concept, numerous additional changes will be required to realize spec- 
tral-shift control in practice. These include modifications to minimize and recover D20 
leakage, to facilitate refueling, and to remove boron from the coolant after refueling. 
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Initial analyses of spectral-shift-controlled reactors were carried out in the U.S. 
by M. C. Edlund in the early 1960s and an experimental verification program was performed 
by Babcock & Wilcox both for LEU fuels. and for HEU/Th fuels.! Edlund's studies, which 
were performed for reactors designed specifically for spectral-shift control, indicated 
that the inventory and consumption of fissile material could be reduced by 25 and 50%, 
respectively, relative to poison control in reactors fueled with highly enriched 235U and 
thorium oxide, and that a 25% reduction in uranium ore requirements could be realized with 
spectral shift control using the LEU cycle.2 


The spectral-shift-control concept has been demonstrated by the Vulcain reactor 
experiment in the BR3 nuclear plant at Mol, Belgium.? The BR3 plant after two years of 
operation as a conventional PWR was modified for spectral-shift-control operation and 
successfully operated with this mode of control between 1966 and 1968. The Vulcain core 
operated to a core average burnup of 23,000 MWd/T (a peak burnup of around 50,000 Mid/T) 
and achieved an average load factor and primary plant availability factor of 91.2 and 
98.6, respectively. * The leakage rate of primary water from the high-pressure reactor 
system to the atmosphere was found to be negligible, about 30 kg of D,0-H.0 mixture per 
year. 3 After the Vulcain experiment was completed, the BR3 was subsequently returned to 
conventional PWR operation. In addition to demonstrating the technical feasibility of 
spectral-shift control, the Vulcain experiment served to identify the potential engineering 
problems inherent in converting existing plants to the spectral-shift mode of control. 


At the time of the major development work on the SSCR concept, fuel resource con- 
servation was not recognized as having the importance that it has today. Both uranium 
ore and separative work were relatively inexpensive and the technology for 020 concen- 
tration was not as fully developed as it is now. With the expectation that the plutonium- 
fueled breeder reactor would be deployed in the not too distant future, there appeared to 
be little incentive to pursue the spectral-shift-controlled reactor concept. 


The decision to defer the commercial use of plutonium and the commercial plutonium- 
fueled breeder reactor is, of course, the primary motivation for reevaluating advanced 
converters, and the principal incentive for considering the spectral-shift-controlled 
reactor is that the potential gains in resource utilization possible with the SSCR con- 
cept may be obtainable with changes largely limited.to ancillary components and subsystems 
in existing PWR systems. The prospects of rapid acceptance and deployment of the SSCR 
are also enhanced by the low risk inherent in the concept. Since the SSCR can always be 
operated in the conventional poison control mode, there would be a reduced risk to station 
generating capacity if the SSCR were deployed, and financial risk would be limited to the 
cost of the additional equipment required to realize spectral-shift control, which is 
estimated to be only a few percent of the total cost of the plant. The risk, with respect 
both to capital and generating capacity, is thus much lower than for other alternate 
reactor systems. 
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It may also prove feasible to backfit existing pressurized water reactors with 
spectral-shift control. Such backfitting might possibly be performed in some completed 
plants where the layout favors modifications. However, even when judged feasible, the 
benefits of backfitting would have to be great to justify the cost of replacement power 
during plant modification. A second and potentially more attractive alternative is the 


. possibility of modifying plants still in the early stage of construction for spectral- 


shift control, or of incorporating features into these plants which would allow conversion to 
spectral-shift control to be easily accomplished at a later date. 


In order to establish the potential gains in resource utilization which might be 
realized with spectral-shift control, scoping mass balance calculations have been performed 
by Combustion Engineering for SSCRs operating on both the LEU cycle and on thorium-based 
cycles, including the denatured 2334 cycle.5 The calculations were performed for the C-E 
system go'™ core and lattice design, with the intent of updating the earlier analyses re- 
ported by Edlund to the reactor design and operating conditions of modern PWRs using state- 
of-the-art analytic methods and cross sections. Preliminary results from this. evaluation 
are presented in Table 4.2-1. Note that these results were obtained using the standard 
System 80 design and operating procedures, and no attempt has been made to optimize either 
the lattice design or mode of operation to fully take advantage of spectral-shift control. 


For the LEU throwaway mode, Table 4.2-1 indicates a reduction of roughly 10% both 
in ore requirements and in separative work requirements relative to the conventional PWR 


(compare with Case A of Table 4.1-1). If uranium recycle is allowed, the SSCR also reduces 


the ore demand (and separative work) for the MEU/Th case by about 20% (compare with Case D 
in Table 4.1-1). 


Of particular interest to this study is the reduced equilibrttim cycle makeup re- 
quirements for the spectral-shift reactor fueled with 233U, As indicated, the equilibrium 
cycle makeup requirement is 236 '~ 233U/GWe-yr as opposed to 304 kg 233U/GWe-yr for the 
conventional PWR (see Case E in Table 4.1-1). The reduced 2334 requirements, coupled with 
the slightly higher fissile plutonium production, would allow a given complement of energy- 
center breeder reactors to provide makeup fissile material for roughly 40% more dispersed 
denatured SSCRs than conventional denatured PWRs. A comparison of the Pu/Th case with 
Case H in Table 4.1-1 shows that the SSCR and PWR are comparable as transmuters. These 
results are, of course, preliminary and are limited to the performance of otherwise un- 
modified PWR systems, A more accurate assessment of SSCR performance, including the 
performance of systems optimized for spectral-shift control, will be performed as part of 
the NASAP program. & 

The preliminary studies performed to date and the demonstration of spectral- 


shift control in the Vulcain core have served to demonstrate the feasibility of the 
concept and to identify the resource utilization and economic incentives for this 
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Table 4.2-1. Fuel Utilization Characteristics for SSCRs 
34 Under Various Fuel Cycle Options?» 


___Equilibrium Cycle 
30-Yr Cumulative 
; Initial Fissile Fissile 30-yr Cumulative Separative Work 
Fissile Inventory Makeup Discharge U30, Requirement Requirement? 
Fuel Type (kg/&We) (kg/GWe-yr) (kg/GWe-yr) (ST/GWe) (103 kg Swu/Gwe) 
—_— ee NE EE 
Dispersible Resource-Based Fuels 
LEU, no recycle 1577, 235y 713° -235y 182 235y 5320 3010 
196 Puf 
MEU/Th, 235U feed, 2540 735U 371 238y 228 235y 3220 3077 
U recycle 371 233y 
65 Puf 
Dispersible Denatured Fuel 
Denatured 233U02/ThO2, 1663 233y 236 0 -233y 449 233y -- -- 
U recycle 57 235y 
72 Puf 
Energy-Center-Constrained Fuel 
Pu0./ThO., Pu recycle 2354 put 791 put 780 put “= 7 . -- 
273 233y 
3° 235y 


——————————— eee 
_ l200-the SSCR; 10-MWe additional power required to run reactor coolant pumps and D20 upgrader facility. 
Assumes 75% capacity factor, annual refueling, and 0.2 w/o tails assay. 


mode of operation. Because the basic PWR NSSS* is used, the utilization of the denatured 
thorium fuel cycles will pose no additional problems or R&D needs beyond those required 
to implement this type of fuel in the conventional PWR. Although the general feasibility 
of spectral-shift control appears relatively well established, nevertheless there are a 
number of aspects of SSCR design which must be evaluated in order to fully assess the 
commercial practicality of spectral-shift-controlled reactors. The more significant of 
these are briefly discussed below. 


1. Resource Utilization - A more accurate assessment of resource utilization is 
required to more definitively establish the economic incentives for spectral-shift control 
on the LEU cycle. If the concept is to be economically competitive with conventional 
water reactors, the savings in U3,0g and separative work for 235U-based systems must be 
demonstrated to be sufficiently large to compensate for the additional capital cost of 
equipment required to implement spectral-shift control. A similar assessment for 
denatured 233U fuel is also required. 


2. Plant Modifications - The plant modifications necessary to realize spectral- 
shift control must be identified, and the cost of these modifications established, The 
practicality and cost of these modifications, of course, bear directly on the economics 
and commercial feasibility of the concept. Of particular concern are modifications which 
may be required to limit the leakage of primary coolant (from valve stems, seals, etc.) 
and the equipment required to recover unavoidable primary coolant Teakage. Primary 
coolant leakage is important both from the standpoint of economics, because of the high 
cost of D.0, and from the standpoint of radiation hazard, because of the problem of occu- 
pational exposures to tritium during routine maintenance, Other possible modifications to 
current designs which result from the presence of D0, such as the increased fast fluence 
on the reactor vessel and possible. changes in pumping power, will also have to be addressed. 


NSSS = Nuclear Steam Supply ‘System. 








3. Refueling System Modifications - At the end of each operating cycle, spent fuel 
must be discharged and fresh fuel inserted into the reactor (typically 1/3-of the core 
loading is replaced each year), and the light water present at end of cycle must be 
replaced with a D,0-H.0 mixture before the reactor can be returned to power operation. 
Refueling procedures and equipment must be developed which will allow these operations to 
be performed with minimum D20 inventory requirements. Minimizing the D20 inventory is 
important to the economics and commercial feasibility of the SSCR, since the cost of Do0 
represents roughly 75% of the additional capital expenditures required to realize spectral- 
shift control. Care must also be taken to ensure that refueling. does not increase outage 
times because of the adverse effect on capacity factor and the resulting increase in. power 
cost. The exposure of personnel to tritium generated in the coolant must also be mini- 


mized during refueling operations. 


4. D0 Upgrader Design - Although D.0 upgraders have yet to be employed in con- 
junction with spectral-shift control, similar units have operated on CANDU reactors, and 
vacuum distillation columns are also utilized in heavy-water production facilities. Thus, 
the technical feasibility of the D0 upgrader can be considered as demonstrated. However, 
a conceptual upgrader design optimized for the specific demands of the SSCR must be 
developed so that its cost can be determined. The upgrader is probably the single most 
significant and costly piece of equipment which must be added to realize spectral-shift 


control. 


5. Licensability and Safety ~ Although the spectral-shift-controlled reactor is 
not expected to raise any new safety, licensing or environmental issues except the basic 


issue of tritium production and containment, a number of core physics parameters are 
changed sufficiently that the response to postulated accidents must be evaluated. The 
most significant of these appears to be the somewhat different moderator temperature co- 
efficient of reactivity, which could lead to a number of potentially more severe accidents 
early in cycle when the D0 concentration is relatively high. The D.0 dilution accident 
must also be addressed; this accident is analogous to the boron dilution accident in the 
poison-controlled PWR, but the response to D,0 dilution may be more rapid and hence the 
accident may be potentially more severe than its counterpart in the PWR. 


Finally, it should be pointed out that while the relationship of the SSCR to the 
LWR gives it market advantages, it also gives it some disadvantages relative to other 
alternatives. Although the SSCR demand for U0, will be less than that of the conventional 
LWR, the basic properties of light water and the LWR design characteristics inherent in 
the SSCR will limit its fuel utilization efficiency to lower levels than those achievable 
with other alternatives such as the HWR. On the other hand, the prospect for early and 
widespread deployment may mean that it could effect a more significant reduction in over- 
all system U30g demand than might be achievable with other alternatives, even though the 
inherent resource utilization of an individual SSCR plant may be less than that of other 
systems. Employing denatured SSCRs would allow additional time to develop effective 
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safeguards for breeder reactors which will eventually be required. These breeders might 
produce 2 33, which, as pointed out above, could then be denatured and used in SSCRs. 
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4.3. HEAVY-WATER REACTORS 


Y. I. Chang 
Argonne National Laboratory 


Due to the low neutron absorption cross section of deuterium, reactors utilizing heavy 
water as the moderator theoretically can attain higher conversion ratios than reactors using 
other moderators. AS a practical matter, however, differences in the neutron absorption in 
the structural materials and fission products in the different reactor types make the con- 
version efficiency more dependent on reactor design than on moderator type. In the study 
reported here, a current-generation 1200-MWe CANDU design was chosen as the model for ex- 
amining the effects of various fuel cycle options, including the denatured 233U cycle, on 
heavy-water-moderated reactors. . 


The CANDU design differs from the LWR design primarily in three areas: its reference 
fuel is natural uranium rather than enriched uranium; its coolant and moderator are separated 
by a pressure tube; and its fuel management scheme employs continuous on-line refueling 
rather than periodic refueling. In the development of the CANDU reactor concept, neutron 
economy was stressed, trying in effect to take maximum advantage of the D20 properties. The 
on-line refueling scheme was introduced to minimize the excess reactivity requirements. 
Unlike in most other reactor systems, in the natural-uranium D,0 system the payoff in re- 
ducing parasitic absorption and excess reactivity requirements is direct and substantial in 
the amount of burnup achievable. These same considerations also make the CANDU an efficient 
converter when the natural uranium restriction is removed and/or fueling schemes based on 
recycle materials are introduced, 


Penalties associated with the improved neutron economy in the natural-uraniun- 
fueled CANDU include a large inventory of the moderator (the D20 being a significant por- 
tion of the plant capital cost), a large fuel mass flow through the fuel cycle and a lower 
thermal efficiency. In enriched fuel cycles, with the reactivity constraint removed, the 
CANDU design can be reoptimized for the prevailing economic and rescurce conditions. 


The reoptimization of the current CANDU design involves tradeoffs between economic 
considerations and the neutron economy (and hence the fuel utilization). For example, 
the 020 inventory can be reduced by a smaller lattice pitch, but this results in a poorer 
fuel utilization. Also, the lattice pitch is constrained by the practical limitations 
placed on it by the refueling machine operations. 


The fuel mass flow rate (and hence the fabrication/reprocessing costs) can te re- 
duced by increasing the discharge burnup, but the increased burnup also results in a poorer 
fuel utilization. In addition, the burnup has an impact on the fuel irradiation perform- 
ance reliability. The fuel failure rate is a strong function of the burnup history, and 
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a significant increase in burnup over the current design would require mechanical design 
modifications. 


The thermal efficiency can be improved by increasing the coolant pressure. This 
would require stronger pressure tubes and thus penalize the neutron economy. The use of 
enriched fueling could result in a higher power peaking factor, which would require a re- 
duced linear power rating, unless an improved fuel management scheme is developed to re- 
duce the power peaking factor. 


Scoping calculations have been performed to address possible design modifications 
for CANDU fuel cycles other than natural uranium,!~* and detailed design tradeoff and 
optimization studies associated with the enriched fuel cycles in CANDUs are being carried 
out by Combustion Engineering as a part of the NASAP program. In the study reported here, 
in which only the relative performance of the denatured 233Y cycle is addressed, the current- 
generation 1200-MWe CANDU.fuel design presented in Table 4.3-1 was assumed for all except 
the natural-uranium-fueled reactor. A discharge burnup of 16,000 MWD/T (which is believed 
to be achievable with the current design) and the on-line refueling capability were also 
assumed, 


The fuel utilization characteristics for various fuel cycle options, including the 
denatured 233U cycle option, were analyzed at Argonne National Laboratory5 and the results 
are summarized in Table 4,3-2. Some observations are as follows: 


1. Natural-Uranium Once-Through Cycle: In the reference natural uranium cycle, 
the 30-yr U303 requirement is about 4,700 ST/GWe, which is approximately 20% less than 
the requirement for the LWR once-through cycle. Even though the fissile plutonium 
concentration in the spent fuel is low (10.27%), the total quantity of fissile plutonium 
discharged annually is twice that from the LWR. 


2. Slightly-Enriched-Uranium Once-through Cycle: With slightly-enriched uranium 
(1% 235y), a 16,000-MWD/T burnup can be achieved and the U3;0, consumption is reduced by 
25% from the natural-uranium cycle. As shown in Fig. 4.3-1, the optimum enrichment is 
in the area of 1.2%, which corresponds to a burnup of about 20,000 MWD/T. 


3. Pu/U, Pu Recycle: In this option, the natural uranium fuel is “topped” with 
0.3% fissile plutonium. A discharge burnup of 16,000 MWD/T can be achieved and the plu- 
tonium content in the discharge is sufficient to keep the system going with only the 
natural-uranium makeup. The U;0g requirement is reduced to about one half of that for 
the natural-uranium cycle. (Smaller plutonium toppings decrease the burnup and make the 
system a net plutonium producer; larger toppings increase the burnup and make the system 
a net plutonium burner, ). 
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Table 4.3-1. CANDU-PHW Design Parameters 


Fuel Element 
Sheath o.d, mm 
Sheath i.d, mm 
Sheath material 
Pellet o.d, mm 
Fuel density, g/cc 
Fuel material 


Bundle 

Number of elements/bundle 
Length, mn 

Active fuel length, mm 
Volume of end plugs, etc., cc 
Void in end region, cc 
Coolant in end region, cc 


Ring Lec mm 
Ring 2(No./radius, mm 
Ring 3(No./radius, a 
Ring 4(No./radius, mm 


Channel 

Number of bundles 
Pressure tube material 
Pressure tube i.d, mm 
Pressure tube o.d, mm 
Calandria tube material 
Calandria tube i.d, mm 
Calandria tube o.d, mm 
Pitch, mm 


Core 

Number of channels 

Net MWe 

Net thermal efficiency, % 


Operating Conditions 
D, purity, 
Average pin linear power, W/cm 
Average temperature, C 
Fuel 
Sheath 
Coolant 
Moderator 


Natural. Uranium 


System 


12/28.755 
18/43.305 


12 

Zr-Nb 
103.378 
111.498 © 
Zr-2 
128.956 
131.750 
285.75 


380 
633 
29.0 


99.75 
271.3 


936 
290 
290 
68 


Thorium 
System 


37 

495.3 
475.4 
65.68 
34.99 
66.43 


1/0.0 
6/14.884 
12/28.753 
18/43. 307 


12 

Zr-Nb 

103.400 _ 
111.782 

Zr-2 

129.200 
131.740 
285.75 
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Table 4,3-2, Fuel Utilization Characteristics for CANDUs Under Various Fuel Cycle Options? . 








; Equilibrium Cycle Net Fissite Consumption __U,0_ Requirement 
Initial 
Fissile Fissile Fissile Fissile b Initial 
Inventory Charge Discharge Enrichment Burnup — Annual Lifetime? Loading Annual Lifetime 
Fuel Type - — (kg/GWe) = (kg /GWe-yr) (kg/GWe-yr) (% HM) (MWD/kg HM) (kg/GWe-yr) (kg/GWe) (ST/GWe) (ST/GWe) (ST/GWe) 
, Dispersible Resource-Based Fuels 
Natural U, 897 235y 852 235y 249 235y° 0.711 7.5 603 235 25605 235y 164° ~—s«356 4688 
no recycle 340 Puf -340 Puf _-10200 Puf 
Slightly enriched 1261 235y 561 235y 59 235y° 1.0 16 502 235y 17530 235y 257 14 3563 
U, no recycle 183 Puf -183 Puf -5490 Puf ; 
MEU/Th, 2121 235y = 1052 235y 336 235y 1.88 16 - 716 235y 32629 235y 538 267, sé 
no recycle. 25 Puf (20% in U) -25 Puf -750 Puf 
476 233y -476 233y -14280 233y 
MEU/Th, = 2121 235y 250 235y4 99 238? 1.65 16 151 235y 6500 235y 538 387 1640° é 
U recycle id 30 Puf (13% in U) -30 Puf -900 Puf 1 
: 685 233y 685 233y 0 233y 0 233y 2 
; Denatured Dispersible Fuel 
_ Denatured 1648 233y 831 233y 729 233y 1.46 16 102 233y 4606 233y 0 0 0 
233U02/ThO2, 32 Puf (12% in U) -32 Puf -960 Puf 
U recycle Energy-Center Constrained Fuel 
LEU, . 97: 235y 399 235y 61 235y° NU containing 16 338 235y 10699 235y 164 73 2281 
U+Purecycle . 378 Puf 168 Puf 197 Puf 0.3% Pu -29 Puf -870 Puf 
: Reference Fuel 
HEU/Th, U recycle 2159 235y 191 235uf = agg 235* 1.91 16 105 235y 5204 235y 548 27f 1331° 
5 2 puf (93% in U) -2 Puf -60 Puf 
750 233y 750 233y 0 233y QO 233y 





“All cases assume 75% capacity factor. 

For fresh fuel. 
gNo credit. 

250 kg minus 99 kg 235U/GWe-yr is equivalent to 63 ST minus 25 ST U,0,/GWe-yr; thus annual U,0, requirement is 63 - 25=38 ST/GWe. 
gexcludes transition requirements and out-of-core inventories. 

191 kg minus 86 kg 235U/GWe-yr is equivalent to 48 ST minus 21 ST U,0,/GWe-yr; thus annual U30, requirement is 48 - 21=27 ST/GWe. 
Ino credit for end-of-life core. 
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Fig. 4.3-1. Fuel Utilization Characteristics for Enriched-Uranium-Fueled CANDU. 


4. HEU/Th, U Recycle: With 93% 235U-enriched uranium startup and makeup, the 
annual U30g makeup requirements at near-equilibrium are about 27 ST/GWe for the 16,000-MWD/T 
burnup case. This net consumption of U3,0g is only 14% of the LWR once-through cycle and 
28% of the LWR thorium cycle (see Cases A and J in Table 4.1-1). However, the initial core 
U30g requirement is more than double that of the CANDU slightly enriched uranium cycle. 
In addition, the transition to equilibrium and the out-of-core inventory requirements, de- 
pending on the recycle turn-around time, can be very significant. 


4 


5. Denatured U/Th, U Recycle (233U Makeup): The initial core 233U inventory require- 


ment is about 1,650 kg/GWe, with an annual net requirement of about 100 kg 233U/GWe. 


6. MEU/Th, U Recycle (235U Makeup): The initial core requirement is about the same 
as that for the standard thorium cycle (i.e., HEU/Th cycle); however, the equilibrium net 
U30g consumption is slightly increased. 


7. MEU/Th, No Recycle: This cycle option is included to indicate that recycle of 
the self-generated 233U is advisable for the MEU/Th cycle.. The lifetime U0, requirement 
for the once-through MEU/Th cycle is about 8,300 ST, which is a factor of 2.3 higher than 
that for the once-through enriched-uranium cycle in CANDU reactors. 


| 
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4.4, GAS-COOLED THERMAL REACTORS 


J. C. Cleveland 
Oak Ridge National Laboratory 


4.4.1. High-Temperature Gas-Cooled Reactors 


The High-Temperature Gas-Cooled Reactor (HTGR) is another candidate for implementing 
alternate fuel cycle options, particularly the denatured 233U cycle. Unlike other reactor 
types that generally have been optimized for either LEU or mixed oxide (Pu/238Y) fuel, the 
HTGR has a design based on utilization of a thorium fuel cycle, and although current- 
design HTGRs may not meet potential proliferation-based fuel cycle restrictions, the refer- 
ence design involves both 232Th and 233U, which are the primary materials in the denatured 
fuel cycle. 


In contrast to the fuel for water-cooled reactors and fast breeder reactors, the 
fuel for HTGRs is not in the form of metal-clad rods but rather is composed of coated fuel 
particles bonded together by a graphite matrix into a fuel stick. The coatings on the in- 
dividual fuel particles provide fission-product containment. The fuel sticks are loaded 


in fuel holes in hexagonal graphite fuel blocks. These blocks also contain hexagonal arrays 


of coolant channels through which the helium flows. In the conventional HTGR the fuel 
particles are of two types: fissile particles consisting of UC, kernels coated with layers 
of pyrocarbon and silicon carbide; and fertile particles consisting of ThO2 kernels coated 
only with pyrocarbon. The pyrocarbon coating on the fertile particles can be burned off 
while the SiC coating on the fissile particles cannot, Therefore the two particle types 
can be physically separated prior to any chemical reprocessing. As indicated in Chapter 5, 
hot demonstrations of the head-end processing operations unique to this reactor fuel, the 
crushing and burning of the fuel elements, the mechanical particle separation, and the 
particle crushing and burning are needed to ensure that low-loss reprocessing can take 
place. 


An inherent feature of the HTGR which results in uranium resource conservation is 
its high (~ 40%) thermal efficiency. All else being equal, this fact alone results in a 
15% reduction in uranium resource requirements compared to LWRs, which achieve a 34% 
thermal efficiency. This larger thermal efficiency also jeads to reduced thermal 


discharges that provide significant siting advantages for HTGRs, especially if many reac- 
tors are to be deployed in central locations such as energy centers. 
Other factors inherent in HTGR design that lead to improved U0, utilization due 
to the improved neutron economy are: 
1]. Absorption of only ~ 1.6% of the neutrons by HiGR particle ccatings, graphite 
moderator, and helium coolant, compared to an absorption of ~ 5.6% of the neu- 
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trons in the Zircaloy cladding and the coolant of conventional PWRs (14% of all 
neutron absorptions in PWRs result from hydrogen absorption). 
2. Low 233Pa burnout due to the low (7-8 W/cm?) power density. 


The combination of low power density and large core heat capacity associated with 
the graphite moderator and the ceramic fuel largely mitigate the consequences of HTGR loss- 
of-coolant accidents. Loss of cooling does not lead to severe conditions nearly as quickly 
as in conventional LWRs or FBRs since the heat capacity of the core is maintained, there- 
fore allowing considerable time to initiate actions designed to provide auxiliary core cooling. 


The HTGR offers a near-term potential for realization of improved U30g utilization. 
The 330-MWe Fort St. Vrain plant has been under start-up for several years with a current 
licensed power level of 70% and the plant has operated at the 70% power level for limited 
periods. A data collection program is providing feedback on problem areas that are becoming 
apparent during this start-up period and wil] serve as the basis for improvements in the 
comercial plant design. 


An advantage of the HTGR steam cycle is that its commercialization could lead to 
later commercialization of advanced gas-cooled systems based on the HTGR technology. These 
include the HTGR gas turbine system which has a high thermal efficiency of 45 to 50% and 
the VHTR (Very High Temperature Reactor) system for high-temperature process heat applica- 
tion. 


Mass balance calculations have been performed by General Atomic for several alternate 
HTGR fuel cycles,! and some additional calculations carried out at ORNL have verified certain 
GA results.2 Their results for the following fuel cycles are presented here: 


Dispersible Resource-Based Fuels ~ 


1. LEU, no recycle. 
a. Carbon/uranium ratio (C/U) = 350. 
b. C/U = 400, optimized for no recycle. 


2. MEU/Th (20% 235U/U mixed with 232Th), C/Th = 650, no recycle. 
3. MEU/Th (20% 235u/uU), C/Th = 306 for initial core, C/Th = 400 for reload segments, 
233y recycle. 
Dispersible Denatured Fuel 
a MEU/Th (15% 233y/U), C/Th = 274/300 (initial core/reload segments), optimized 
for uranium recycle (233u + 235y), 
Energy-Center-Constrained Fuel 
5. Pu/Th, C/Th = 650 (batch-loaded core). 
Reference Fuels 
6. HEU(235U)/Th, C/Th 
7. HEU(233U)/Th, C/Th 


214/238 (initial core/reload segments), no recycle. 


150, high-gain design, uranium recycle. 


8. HEU(235U)/Th, C/Th 
(from ref. 3). 


180/180 (initial core/reload segments), uranium recycle 
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All of the above fuel cycles are for a 3360-MWt, 1344-MWe HTGR with a core power den- 
sity of 7.1 Wy/cm3. Table 4.4-1 provides a summary, obtained from the detailed mass balance 
information in ref. 1, of the conversion ratio, fissile requirements, fissile discharge, and 
U30g and separative work requirements. Cases l-a and 1-b involve the use of LEU fuel with 
an equilibrium cycle enrichment of 7.4 w/o and 8.0 w/o, respectively. Case 1-b would be 
preferred for no-recycle conditions. 


In Case 2 thorium is used with 20% 235U/U (MEU/Th) for no-recycle conditions. Note 
that while the initial U303 and fissile loading requirements. are higher for the MEU/Th case 
than for the LEU cases, due to the larger thermal absorption cross section of thorium and the 
partial unshielding of the 238U resonances resulting from its reduced density, the cumulative 
U3;0g requirements are slightly less for the MEU/Th case. This results from the high burnup 
attainable in HTGRs and the resultant large amount of bred 233U which is burned in situ. 
Other converter and advanced converter reactors (LWRs, SSCRs, and HWRs) typically require 
less U30, for the LEU case than for the MEU/Th case with no recycle. 


Case 3 also uses the MEU/Th feed but with recycle of 233U. The unburned 235U and 
plutonium discharged in the denatured 235U particles is not recycled. The bred 233U re- 
covered from the fertile particle, however, is denatured, combined with thorium, and 
recycled. In the calculations for all cases involving recycle of denatured 233U, GA assumed 
that an isotopic mix of 15% 233U and 85% 238U provided adequate denaturing. Due to the high 
burnup and the fact that the thermal-neutron spectrum in HTGRs peaks near the 239Pu and 2*!Pu 
resonances, a large amount of the fissile plutonium bred in the denatured fuel is burned 
in situ, thus resulting in the low fissile plutonium content of the fuel at discharge. Con- 
siderable 238U self-shielding is obtained by the lumping of the 228U in the coated particle 
kernels. Studies are currently underway at GA concerning the use of larger diameter fissile 
particles, thereby lowering the 238U resonance integral and, consequently, the amount of 
bred plutonium discharged.” 


Case 4 employs a denatured 233U feed and includes uranium recycle, It represents a 
feasible successor to Case 3 once an exogenous source of 233U is available. 


Case 5 involves Pu/Th fuel. Since no 238U is present in the core, no plutonium is 
bred; only 233y is bred. This reactor has greatly reduced requirements for control poison, 
resulting in enhanced neutron economy. This results from the fact that this Pu/Th HTGR 
essentially achieves the "Phoenix" fuel cycle effect, i.e., the decrease in 239Pu content 
is largely compensated for by buildup of 2"!}Pu from 2"9Pu capture and by buildup of 233U 
from 232Th capture, resulting in a nearly constant ratio of fissile concentration to 24%Py 
concentration. Therefore the fuel reactivity is relatively constant over a long burnup 
period, reducing the need for control poison. This allows the core to be batch loaded; 
i.e., the entire core is reloaded at approximately 5-yr intervals. This reload scheme 
minimizes down time for refueling and eliminates problems of power sharing between fuel 
elements of different ages. Furthermore, it allows easy conversion to a U/Th HTGR after 
any cycle. It is important to note that the Pu/Th case presented in Table 4.4-1 is not 
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Table 4,4-1, Fuel Utilization Characteristics for HTGRs Under Various Fuel Cycle Options 














; U,0, Requirement® Separative Work Requirement 
Initial Core Requirements? Equilibrium Cycle (ST/GWe) 103 kg SWU/GWe 
‘ ; Discharge of 
; Fissile HM Fissile Nonrecyclable 30-yr Total 30-yr Total 
Conversion Ratio Inventory Loading Makeup Fissile Material for CF of for CF of 
Case, Fuel Type - (Ist Cy./Eq. Cy.) - (kg/GWe) (MT/GWe) (kg/GWe-yr) (kg/GWe-yr) Initial 65.9%/75%7"" Initial 65.9%/75% 
Dispersible Resource-Based Fuels 
l-a, LEU, 0,580/0.553 901 235y 24.6 U 608 235y 113 235y : 217 4272/4860 142 3319/3781 
no recycle, 69 Puf 
C/U = 350 
l-b, LEU, 0.557/0.526 819 235y 21.6 U 576 235y 77 235y 197 4040/4594 130 3188/3629 
no recycle, 52 Put 
C/U = 400 
2, MEU(20% 235U)/Th, 0.630/0.541 1077 235y 5.4U 551 235y 47 235y 274 3967/4515 249 3640/4143 
no recycle, 20.2 Th 74 233y 
C/Th = 659 22 Puf 
3, MEU(20% 235y)/Th,* 0.682/0.631 1474 235y 7.40 397 235y 65 235y 371 3229/3666 340 2933/3361 
233y recycle, 27.5 Th 36 Puf 


C/Th = 306/400 


Dispersible Denatured Fuel 
4, MEU(15% 233u)/Th,* 0.824/0.764 1168 233y 7 246 233y ; 35 Puf 0 0 0 0 
U recycle, 30. 


C/Th = 274/300 


6€-p 


Energy-Center-Constrained Fuel 


5, Pu/Th, 0.617/0.617 3153 Puf? 12.2 Th 630 Puf 102 Puf 0 0 0 0 
C/Th = 650 97 233y 

, . Reference Fuels? 
6, HEU(235U)/Th, 0.723/0.668  - 1358 235y 1.5 U 508 235y 4g 235y 345 3864/4395 344 3858/4387 
no recycle, 37.2 Th 183 233y 
C/Th = 214/238 1 Puf 
7, HEU(233U)/Th, 0.915/0.859 1395 233y 2.0 U 120 233y - 0 Q Q 0 
hi/gain, U recycle, 139 235y 53.0 Th 12 235y 
C/Th = 150 
8, HEU(235U)/Th, /0.75 1987 235y/ok ag ¢ qhdsk 239 2asyk 1 Put 50572k /2280 sosie* /2278 
hi/gain, 2.1 Wak 6 23 
U recycle, : ; 


C/Th = 180/180 








pinitial cycle lasts one calendar year at 60% capacity factor. 
grat librium cycle capacity factor is 72%. 
gissumes 0.2 w/o tails. 
gvalue preceding slash is for an average 30-yr capacity factor of 65.9; value following slash is for a constant capacity factor of 75%. 
pie credit taken for end of life core. 
No 235 from MEU particle or Pu recycled in Case 3; al? U recycled in Case 4, but no Pu recycled. 
FInitial core/reload segment. 
qoore is batch loaded; initial load provides fissile material for «5 yr of operation. 
‘Reference fuels are considered only as limiting cases. 
JInitial cycle length is 1.6 yr. 
Numbers shown are for a capacity factor of 75%. 
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optimized for high conversion; rather it, is a Pu burner designed for low fuel cycle costs. 
A Pu/Th case designed for high 233U production would have a C/Th ratio for the equilibrium 
cycle of »430 rather than 650 as in Case 5 (ref. 5). 


In Case 6 the feed is fully enriched (93%) uranium and thorium and no recycle is allowed. 
Such a system would provide the means for generating a potential stockpile of 233U in the 
absence of reprocessing capability. If 233U recycle is not contemplated, the economical optimum 
once-through cycle would have a lower thorium loading (C/Th = 330). 


Case 7 involves the use of highly enriched 233U and uranium recycle. The heavy fer- 
tile loading (C/Th = 150) results in the high conversion ratio (and high initial fissile 


loading requirement) shown in Table 4.4-1. 


Case 8 involves the use of fully enriched (93%) uranium and thorium designed for 
recycle conditions. This is included as the pre-1977 reference high-gain HEU(235U)/Th 
recycle case for comparison with the other above cases. 


Both GA and ORNL have performed mass balance calculations for an HEU(235U)/Th fuel 
cycle with uranium recycle.2»§ These calculations were for a 1160-MWe plant with a power 
density of 8.4 W/cm? and a C/Th ratio for the first core and reload cycles of 214 and 
238 respectively. The GA results indicate cumulative U30g and separative work requirements 
(for a capacity factor of 75% and an assumed tails enrichment of 0.2 w/o) of 2783 ST U30,/ 
GWe and 2778 kg SWU/GWe, respectively. The corresponding results for the ORNL calculations 
are 2690 ST U30g/GWe and 2684 kg SWU/GWe. As can be seen, the agreement is fairly good. 
Comparison of these results with the same case without recycle (Case 6, Table 4.4-1) shows 
a U3;0g savings of 138% if uranium is recycled. 


It is conventional to compare 30-yr cumulative U30g and separative work requirements 
for different reactor types on a per GWe basis with an assumed constant capacity factor. 
The results reported in Table 4.4-1 were generated for an assumed variable capacity factor 
which averaged 65.9% over the 30-yr life. To facilitate comparison with U30g requirements 
in other sections of Chapter 4, estimated 30-yr requirements for a constant capacity factor 
of 75% have also been included in the table, These values were obtained by applying a 
factor of 0.750/0.659 to the calculated requirements for the variable capacity factor. 
Obviously this. technique is an approximation but it is fairly accurate. The 30-yr require- 
ments for a 75% capacity factor for Case 8 were explicitly calculated and not obtained by 
the above estimating procedure. 


As is indicated in Table 4.4-1, the MEU(20% 235U)/Th no-recycle case is more re- 
source efficient than the LEU no-recycle case. This results from the high exposure attain- 
able in HTGR fuels and the high in situ utilization of 2330. In water reactors, the once- 
through MEU(20% 235U)/Th cycle requires significantly more U30, than the once-through LEU 
cycle. Thus MEU(20% 235U)/Th fuels in HTGRs are an attractive option for stowaway cycles 
in which 233U is bred for later use. 
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4.4.2. Pebble-Bed High. Temperature Reactors 


A second high- ignocva tune Lee thermal reactor that is a possible candidate 
for the denatured 233U fuel cycle is the Pebble-Bed Reactor (PBR). Experience with PBRs 
began in August, 1966, in Julich, West Germany, with the criticality of the Arbeitgemeinshaft 
Versuch Reaktor (AVR), a 46-MNt reactor that was developed to gain knowledge and experience 
in the construction and operation of a high-temperature helium-cooled reactor fueled with 
spherical elements comprised of carbon-coated fuel particles. This experience was intended 
to serve as a basis for further development of this concept in West Germany. Generation 
of electricity with the AVR began in 1967. 


In addition to generating electric power, the AVR is a test facility for investigat- 
jing the behavior of spherical fuel elements. It also is a supplier of high-burnup high- 


temperature reactor fuel elements for the West German fuel reprocessing development work. 
The continuation of the PBR development initiated by the AVR is represented by the THTR 
at. Schmehausen, a reactor designed for 750 MWt with a net electrical output of 300 MW. 


Startup of the THTR fis expected about 1980. 


Table 4.4-2. PBR Core Design 





3000 MWt 


Power, Qa, 

Power density 5 MW/m3 
Heating of helium 250+985 °C 
Helium inlet pressure 40 atm 
Plant efficiency, Q./0, 0.40 
Height of ball fill - 550 cm 
Radius 589 cm 


Ball packing 
Inner fueling zone: : ; 
Outer radius 505 .cm 


5394 balls/m3 


Number of ball flow channels 4 
Relative residence time 9/9/9/9 
Outer fueling zone: _* a 
Outer radius =~ 589 cm 
Number of ball flow channels 

Relative. residence time 13 
Top reflector: 

Thickness - 200 
Graphite density - . 0.32 
Bottom reflector: a 
Thickness oe ~ 450 
Graphite density 1.60 
Radial reflector: 

Thickness : 100 
Graphite density 1.60 


7-er 


The PBR concept offers favorable 
conservation of uranium resources due to 
its low fissile inventory requirements and 
to the high burnup that is achievable in 
PBR elements. This has been demonstrated 
by the analysis of several once-through 
cycles calculated for the PBR by a physics 
design group7 at KFA Julich, West Germany, 
and summarized here. The reactor core de- 
sign used for the study is described in 
Table 4.4-2. Various fuel element types 
were considered, differing by the coated 
particle types used and by the heavy meta] 


loading. The basic fuel element design is 


shown in Table 4.4-3, the coated particle 
designs are described in Table 4.4-4, and 
the compositions of the various fuel ele- 
ment types are given in Table 4.4-5. The 
once-through cycles considered are de- 


scribed below, with the core compositions 


of each given in Table 4.4-6. 


Case 1, LEU. Low-enriched uranium 
is loaded into the coated fuel particles. 


‘The radial power profile is flattened by 


varying the enrichment in the inner and 
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Table 4.4-3. PBR Fuel Element Design outer radial core zones. The enrichment 
of the inner zone is 7.9 at.% and that of 
the outer zone is 11.1] at.%. 





Bali diameter 6 cm 

Thickness of graphite shel] 0.5 cm ee re eee 
+ 

Graphite density 1.70 g/cm3 Case 2, MEU/Th. ( )02 fue 


with 20% enriched uranium is Toaded into 

the coated fuel particles. The heavy metal 
loading in the MEU/Th fuel element is between that of the THTR and AVR elements. As in 
Case-1, the radial power is flattened by the choice of fissile loading of the elements in the 
inner and outer radial core zones, 6.85 and 11.4% respectively. The coated particles 
would require some development and testing. : 


Case 3, Seed and Breed MEU/Th. (U + Th)0O, fuel with 20% enriched uranium is Toaded 
into seed elements and ThO2 is loaded into breed elements. By thus separating the seed and 
breed elements, 236U bred into the seed elements will not have contaminated the 233y pro- 
duced in the breed elements in case recycle is opted for later. Graphite balls are added 
to the inner core zone to adjust the carbon/heavy metal ratio (C/HM) to that of the outer 
zone. The heavy metal loading of 6 g HM/ball in the seed elements is essentially the 
same as in the AVR. The feasibility of a considerably heavier loading of the breed ele- 
ments, 16.54 g HM/ball, is currently being tested. 


Case 4, HEU/Th. (U + Th)0, fuel with 93% enriched uranium is loaded into the coated 
fuel particles. The coated particle and fuel element designs are essentially identical to 
those of THTR fuel elements, which have been licensed and are being manufactured. The only 
modification is the fissile loading. Again the fissile loading of the elements in the inner 
and outer radial core zones is varied to flatten the radial power distribution, the inner zone 
fissile loading being 6.23% of the heavy metal and the outer zone fissile loading being 10.9%. 


Case 5, Seed and Breed HEU/Th. (U + Th}O0. fuel with 93% enriched uranium is loaded 
into seed elements and breed elements contain ThO, only. The radial power profile is flat- 
tened by the choice of the mixing fraction of seed and breed balls in the inner and outer 
radial core zones, and graphite balls are added to the inner zone to adapt the C/HM ratio 
to that of the outer zone. In the seed elements the HEU is mixed with some ThO, in order - 
to achieve a prompt negative Doppler coefficient. Again the heavy metal loading of the 
balds is essentially the same as that in the AVR and the feasibility of the loading of 
the breed elements is being tested. . . . 


The mass flow data for the equilibrium cycle of each of the five cases are pre- 
sented in Table 4.4~7. The high thermal cross sections of 239Pu, 24°Pu and.2*1Pu, the 
soft spectrum, and the low self-shielding of the fuel element design lead to a very high 
in-situ utilization of the fissile plutonium (95% for the MEU/Th cycles). In addition, 
the high burnup results in the low discharge plutonium fissile fractions shown in Table 
4.4-7. The buildup of plutonium isotopes in the MEU/Th cycle is shown in Fig. 4.4-1. 
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Table 4.4-4. .PBR Coated Particle Design 








Kernel ; Carbon Coatings 
Type Diameter Densit i i 
: y Thicknesses . Densities 
eaenie (um) (g/cm?) (um) (g/cm3) 
I U/ThO2 400 9.50 85/30/80 1.0/1.6/1.85 
II U/ThO. 400 9.50 50/80 1.0/1.85 
Ill U0. 800 - -9,50 110/80 1.0/1.85 





Table 4.4-5. Composition of PBR Fuel Elements 


ST A 


; Heavy Metal Moderation 
Identification Type of Loading Ratio 
Coated Particle® (g/ball) (Hig /Niy) 

M1 I 11.24 325 
M2 ; I : 8.07 458 
$1 I] €.0 617 
S2 II 6.0 629 
BI II 20.13 180 
B2 II 16.54 220 
1 Ill S.88 380 
L2 Il! 11.70 320 
G Carbon 





®See Table 4.4- 4. 


Table 4.4-6. Composition of PBR Core Regions Used in 
Mass Flow Calculations 


Inner Core Outer Core 





Case Fuel F Fuel ; 
Element Type® Fissile Loading Element Type Fissile Loading 


(Fractional Mixing) (Neg o/Muy) (Fractional Mixing) (Nei s/Nam) 





1, LEU LT (1.0) 9.079 Le (1.0) 0.111 
2, MEU/Th M2 (1.0) 0.0685 M2 (1.0) 0.114 
3, Seed and 52 0.485) 0.20 52 (0.765) 0.20 
Breed MEU/Th B2 (0.305 — B2 (0.235) 
G (0.210) 
4, HEU/Th M1 (1.0) 0.0623 M1 (1.0) 0.109 
5, Seed and $1 (0.40) 0.27 $1 (0.69) 0.27 
Breed HEU/Th Bl (0.39) B1 (0.31) 
G (0.21) 


“See Table 4.4-5. 


Table 4.4-7. Fuel Utilization Characteristics for Equilibrium Cycles of PBRs 
Under Various Fuel Options® with No Recycle 


i ST rere mene 


Fuel Conversion Fuel ‘ Loading Discharge Isotopic Fraction Burnup 
Case Type Ratio Elements (kg/GWe-yr ) (kg/GWe-yr) of Discharge Pu (MWD/kg HM) 


Dispersible Resource-Based Fuels 


1 LEU 0.58 L1 + L2 575 235y 93 235y 100 
= 80 236y 
6168 238y 5719 238y 


6743 ytot- 5892 ytot- 
42 239(Pu,Np) 0.37 239(Pu,Np) 
240py 0.23 240py 


21 241 py 0.19 241py 
24 242py 0.21 242py 


113 putot- puf/pytot- = 0.56 
2 MEU/Th 0.58 M2 4158 Th 3881 Th 100 
: 91 233(U,Pa) 
234y 


534 235y 39 235y 
- 79 236y 
2163 238y 1965 238y 


2697 urot- 2195 prot. 


9 239(Pu,Np) 0.25 233(Pu,Np) 
240py 0.26 240py 

5 241py 0.14 241pu 

13 242py 0.34 242Pu 


36 Pubot- Puf/pu®t- = 0.39 
3 Seed & Breed 0.56 s2 540 235y 30 235y ; 201 


MEU/Th : 81 236y 
2190 238y 1982 238y 


2730 ytot- 2093 utot- 


233(Pu,Np) 0.24 239(Pu,Np) 
g 240py 0.25 240py 

5 241py 0.14 24!py 
14 242py 0.38 242Py 


. rear puf/pytt = 0,38 
B2 ~——AN70 Th 3881 Th 35 


82 233(U,Pa) 
22 234y 
4 235y 
1 236y 


108 ytot. 


vo-v 


oe oe. ee ee UE: ee ee OE ee ake [ORS Ee LE CE ( | 


Reference Fuels ° 


HEU/Th 0.59 MI 6302 Th 5794 Th 100 
- 128 233(y,Pa) 
‘o 38 23% 
495 235y 23 235y 
- 73 236y 
38 238y 30 238y 
533 ytot. 292 ytot. . 
0.263 239(Pu,Np) 0.23 239(Pu,Np) 
0.244 240py ” 0.21 240py 
0.148 241py 0.13 2"2Pu 
0.512 2*2py 0.44 242py 
1.166 Pytot- Puf/putet- = 9,36 
5 Seed & Breed 0.58 $1 1287 Th 1185 Th 243 
HEU/Th 
~ 25 233(U,Pa) 
- g 23by | 
496 235y 16 235y 
= 76 236y 
38 238y 30 238y a 
534 ytot- 155 ytot- 
0.227 239(Pu,Np) 0.21 239(Pu,Np) 
0.257 240py * 0.23 240py * 
0.120 24!py 0.11 241Py 
0.500 242py 0.45 242pu 
1.106 Pytt+ pufputt+ = 9.32 
BI 4983 Th 4594 Th 48 


91 233(U,Pa) 
29 234y 

§ 235y 

1 236y 


126 ytot- 





a a Ts is en me pen 
“calculated for 1000-MWe plant operating at 75% capacity. 
See Tables 4.4-3 through 4.4-6 for descriptions of cases and fuel elements. 
Reference fuels are considered only as limiting cases, 
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As can be seen, the 239Pu content peaks at 
~ 30 MWD/kg, decreasing thereafter. The 
higher Pu isotopes tend to peak at higher 
burnups so that at discharge 2%2Pu domi- 


GR/BALL 





nates. Compared to an LWR with LEU fuel, 
Tao mmovng «=the: «PBR with MEU/Th fuel discharges only 8% 
Haas-Teucneet-R verten.xea as much fissile plutonium. Furthermore, the 
Isotopic Composition tee MEW TR He fissile fraction of the discharged plutonium 
is only 39% compared to 71% for an LWR. 
Table 4.4-8 presents U3;0g requirements of the various once-through cycles.758 The 
30-yr cumulative U30g demands for the MEU/Th once-through cycle and the HEU/Th once- 
through cycle were determined by explicit 30-yr calculations.® The 30-yr cumulative U30, 
demands for the LEU, the seed-and-breed MEU/Th and. the seed-and-breed HEU/Th cycles were 
determined from the U30, demand for the equilibrium cycles and estimates of the inventory 
of the startup core and of the requirements for the approach to equilibrium. ® 


As can be seen from Table 4.4-8, from the viewpoint of U30g utilization for once- 
through cycles in the PBR, LEU fuel is the least favorable and HEU/Th fuel is the most 
favorable with MEU/Th fuel having a U30g utilization between HEU/Th and LEU fuel. It should 
be noted that the cases presented in Table 4.4-8 do not include recycle of the bred fissile 
material. Under these no-recycle constraints the MEU/Th cases have a 30-yr U30g demand com- 
parable to a PWR operating with uranium and self-generated Pu recycle (see Case F, Table 
4.1-3). Thus if recycle were performed with the MEU/Th PBR cases, significantly less U30, 
would be required than for the PWR with U and Pu recycle. One option for the recycle in the 
seed-and-breed MEU/Th PBR case would be to cycle the fertile balls back into the feed stream 
(without reprocessing) for an additional pass through the pebble bed if the irradiation 
behavior of the fertile balls permits. 


Table 4.4-8. Us0g Requirements for 
Once-Through PBR Cycles@ 





Case l, Case 2, Case 3, Case 4, Case 5, 
Seed and Breed Seed and Greed 
LEU MEU/Th MEU/Th HEU/Th HEU/Th 
Equilibrium cycle 143 135 137 126 126 


U303 demand, ST/GWE-yr 


30-year cumulative d e d e 
U30g demand,? ST/GWE 4500¢ 4184 4200 4007 4000 


“The basis for these requirements is a 1000-MWe plant operating at 75% capacity 
factor for 30 vears; tails composition is assumed to be 0.2 w/o. 


Passumes no recycle. 


“Estimated value; could differ from an explicit 30-yr calculation by + 3%. 


Feyplicit 30-yr calculation. 
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4.5. LIQUID-METAL FAST BREEDER REACTORS 


T. J. Burns 
Oak Ridge National Laboratory 


A preliminary analysis of the impact of denatured fuel on breeder reactors was 
performed by Argonne National Laboratory,! Hanford Engineering Development Laboratory ,2 
and Oak Ridge National Laboratory? for a variety of fissile/fertile fuel options. The 
analysis concentrated principally on oxide-fueled LMFBRs due to their advanced state of 
development relative to other potential breeder concepts. 


' Table 4.5-1 summarizes some of the significant design and performance parameters 
for the various LMFBR designs considered. The procedure followed by each analysis group 
in assessing the impact of alternate fuel cycles was essentially the same. A reference 
design (for the Pu/238U cycle) was selected and analyzed, and then the performance para- 
meters of alternate fissile/fertile combinations were calculated by replacing the refer- 
ence core and blanket material by the appropriate alternative material(s). 


As indicated by Case 1 in Table 4.5-1, a different reference design was selected 
by each group, emphasizing different design characteristics. The three basic designs do 
share certain characteristics, however. Each is a "classical" LMFBR design consisting of 
two core zones of different fissile enrichments surrounded by blankets (axial and radial) 
of fertile material. In assessing the performance impact of various fissile/fertile com- 
binations, no attempt was made to modify or optimize any of the designs to account for 
the better thermophysical properties (e.g., melting point, thermal conductivity, etc.) 
of the alternate materials relative to the reference system. (Note: The question of 
selection and subsequent optimization of proliferation-resistant LMFBR core designs is 
currently being addressed as part of the more detailed Proliferation-Resistant Core 
Design study being carried out by DOE and its contractors.)* 


In all cases ENDF/B-IV nuclear data were utilized in the calculations. The ade- 
quacy of these nuclear data relative to detailed evaluation of the denatured fuel cycle in 
fast systems is open to some question. Recent measurements of the capture cross section 
of 232Th,® the primary fertile material in the denatured fuel cycle, indicate significant 
discrepancies between the measured and tabulated ENDF/B-IV cross sections for the energy 
range of interest. Additionally, the adequacy of the nuclear data for the primary de- 
natured fissile species, 233U, for the LMFBR spectral range has also been questioned. ” 

Due to these possible nuclear data uncertainties and also to the lack of design optimiza- 
tion of the reactors themselves, it is prudent to regard the results tabulated in 
Table 4.5-1 as preliminary evaluations, subject to revision as more data become available. 


The compound system fissile doubling time given in Table 4.5-1 was calculated using 
the simple approximation that 


c.$.p.T = 0:693 » (Initial Core + Eq. Cycle Charge > 
ere RF x Eq. Cycle Discharge - Eq. Cycle Charge) 
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Table 4.5-1. Fuel Utilization Characteristics and Performance Parameters for LMFBRs Under Various Oxide-Fuel Options 
Apparent g 
Core spectsse Compound Equilibrium Cycle 
R Power, Fissile Initial Net Fissile 
Reactor Materials (M¥th per kg Breeding ~— Doubling Fissile Fissile Production Calculation 
: Axial Radial Core Vol. Fractions, Capacity Thermal Fissile Ratio, Time Inventory Charge (kg/Ghe-yr) Burnug Parameters , Data 
Case Core . Blanket. Blanket = Fuel/Na/SS/Control Factor Efficiency Material) MOEC (yr) (kg/GWe) (kg/GWe) 233y,Pu (MWD/kg |HM) Dim. /Gr./Cy.* Contributor 
. , Energy-Center-Constrained Fuels 
1 Pu/23ey> = 238 238y 42/38/20/0 0.75 0.36 1.27 17.2 3424 1647 0,+242 51 2/vi/2 ANL 
; -41/44/15/0 0.72 0.32 1.36 9.6 3072 1453 0,+363 2/4/2 HEOL 
43/40/15/2 _ 0.75 0.39 1.10 1.27 12.7 2270 804 0,+187 88 2/9/12 ORNL 
2 Pu/238y 238y .. 232Th 42/38/20/0 0.75 0.36 1.27 17.5 3443 1823 +122,+110 51 2/11/2 ANL 
: 41/44/15/0 0.72 0.32 1.35 10.4 3077 1540 +150,+197 2/4/2 HEDL 
. * 43/40/15/2 0.75 0.39 111 1.27 13.1 2291 804 +154,+30 88 2/9/12 ORNL 
3 . Py/238y 232Th 232Th 42/38/20/0 0.75° 0.36 1.27 19.5 3480 1674 +298,-77 51 2/11/? ANL 
41/44/15/0 0.72 ° 0.32 1.34 10.8 3093 1545 +299 ,+35 2/4/2 HEDL 
4 Pu/Th © -232T 232Th 42/38/20/0 0.75 0.36 : 1.20 40.2 4016 1717 +798,-662 57 2/11/? ANL 
41/44/15/0 © 0.72 0.32 : : 1,19 27.9 3641 1806 +898 ,-723 2/4/2 HEDL 
- 43/40/15/2 0.75 0.39 0.94 : 1.14 36.1 2712 920 +583,-493 95 2/9/12 ORNL 
: Dispersible Denatured Fuels ; 
5 233y/238y -238y 238y 41/44/15/0 0.72 0.32 1.20 16.1 2937 1483 -698,923 2/4/2 HEDL 
6 233y7238y 23 8y— 232TH 41/44/1570 0,72 0.32 — 449 17.3 2956 1488 -566,+778 2/4/2 -HEDL 
ue 43/40/15/2 0.75 0.39 1.25 : 1.13 24.2 2038 - 795 -354,+453 92 2/9/12 ORNL 
7 233y/238y = 232TH 232Th 42/38/20/0 0.75 0.36 1.16 27.5 3135 1330 ~348,+490 51 2/11/? ANL 
. 41/44/15/0 0.72 0.32 : 1.18 19.2 2973 1498 -443,+638 2/4/2 HEOL 
43/40/15/2 0.75 0.39 1.25 1.12 26.4 2056 801 -254,+347 92 2/9/12 ORNL 
233y/238y 232Th 232Th 43/40/15/2- 0.75 0.39 1.16 1.09 43.0 2208 834 -136,+203 95 | 2/9/12 ORNL 
+232Th(20%) : : 
9 233y/238y. 232th 232Th 43/40/15/2 0.75 0.39 1.10 1.05 118.1 2322 875 -41,+78 98 2/9/12 ORNL 
+232Th (40%) : 
Reference Fuels~ 
10 233U/Th 232Th .232Th 42/38/20/0 0.75 0.36 | 3.04 -- 3822 1673 +31,0 57 ANL 
41/44/15/0 0.72 0.32 1.06 154.0 3452 1726 +59,0 2/4/2 HEOL 
* 43/40/15/2 0.75 0.39 1.06 1.02 -- 2419 911 +15,0 99 2/9/12 ORNL . 
t 





*Dimensions/Groups/Cycles. 
Reference fuel for LMFBR. 
Reference fuels are considered only as limiting cases, 
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where RF is the reprocessing recovery factor (0.98). While such an expression is not 
absolutely correct, it does provide a measure of the relative growth capability of each 
reactor. Since the data summarized in Table 4.5-1 are based on three separate reference 
LMFBRs operating with a variety of design differences and fuel management schemes, the 
above expression was used simply to provide relative values for each system. It should 
also be noted that some reactor configurations listed have dissimilar core and axial 


blanket materials and thus would probably require modifications to standard reprocessing 
procedures, 


The data presented in Table 4.5-1, although preliminary, do serve to indicate cer- 
tain generic characteristics regarding the impact of the alternate LMFBR fuel options. By 
considering those cases in which similar core materials but different blanket materials 
are utilized it is clear that the choice of the blanket material has only a rather small 
effect on the reactor physics parameters. On the other hand, the impact of changes in the 
core fissile and fertile materials is considerable, particularly on the breeding ratio. 
Utilizing 233U as the fissile material results in a significant decrease in the breeding 
ratio relative to the corresponding Pu-fueled case (ranging from ~ 0.10 to 0.15, depending 
on the system). This decrease is due primarily to the lower value of v (neutrons produced 
per fission) of 233U relative to 239Py and 2"!Pu. Somewhat compensating for the difference 
in v is the fact that the capture-to-fission ratio of 233y is significantly less than that 
of the two plutonium isotopes. The differences in breeding ratios given in Table 4,5-1 
reflect the net result of these two effects, the decrease in-v clearly dominating. Use of 
233y as the fissile material also results in a slight decrease in the fissile inventory 
required for criticality. This is due to two effects, the lower capture-to-fission ratio 
of 233y relative to the plutonium isotopes, and the obvious decrease in the atomic weight 
of 233y relative to Pu (~ 2.5%). 


. The replacement of 238U by 232Th as the core fertile material also has a significant 
impact on the overall breeding ratio regardless of the fissile material utilized. As the 
data in Table 4.5-1 indicate, there is a substantial breeding ratio penalty associated 
with the use of 232Th as a core material in an LMFBR. This penalty is due to the much 
lower fast fission effect in 232Th relative to that in 2384 (roughly a factor of 4 Tower). 
The fertile fast fission effect is reflected in the breeding ratio in two ways. First, 
although the excess neutrons generated by the fission of a fertile nucleus can be sub- 
sequently captured by fertile material, their production is not at the expense of a 
fissile nucleus. Moreover, the fertile fission effect produces energy, thereby reducing 
the fission rate required of the fissile material to maintain.a given power level. Since 
both these effects act to improve the breeding ratio, it is not surprising that use of 
Th-based fuels result in significant degradation in the breeding ratio. A further 
consequence of the reduced fast fission effect of 232Th is a marked increase in fissile 


inventory required for criticality, evident from the values given in Table 4.5-1 for the 
required initial loadings, 
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The calculations for LMFBRs operating on denatured 233U fuel cover a range of enrich- 
ments. Cases 5, 6, and 7 assume an »12% enrichment, Case 8 a 20% enrichment, and Case 9 
a 40% enrichment. Al? these reactors are, of course, subject to the breeding ratio penalty 
inherent in replacing plutonium with 233y as the fuel material. The less denatured cases 
(8 and 9) also reflect the effect of thorium in the LMFBR core spectrum. (These higher 
enrichment cases were calculated in an attempt to parameterize the effect of varying the 
amount of denaturing.) A further point which must be addressed regarding the denatured 
reactors is their self-sufficiency in terms of the fuel material 233U. Since the denatured 
LMFBRs typically contain both 232Th and 238 as potential fissile materials, both 233U and 
233Py are produced via neutron capture. Thus in evaluating the self-sufficiency of a fast 
breéder reactor, the 233U component of the overall breeding ratio is of primary importance 
since the bred plutonium cannot be recycled back into the denatured system. As illustrated 
schematically by Fig. 4.5-1, the 2330 component of the breeding ratio increases as the 
allowable denatured enrichment is increased (which allows the amount of thorium in the fuel 
material to be increased). More importantly, the magnitude of the 233U component of the 
breeding ratio is very sensitive to the allowable degree of denaturing at the lower enrich- 
ments (i.e., between 12% and 20%). The overall breeding ratio decreases as the allowable 
enrichment is raised, but a concomitant and significant decrease in the required 233U makeup 
presents a strong incentive from a performance viewpoint to set the enrichment as high as 
is permitted by nonproliferation constraints. In fact, based on the data summarized in 
Table 4.5-1, the lowest enrichment limit feasible for the conventional LMFBR type systems 
analyzed, lies in the 11-14% (inner-outer core) range. Such a system would utilize all U0, 
fuel and would require significant amounts of 233U as makeup. (It should be noted that 
the 233U/Th system is not denatured. It is included in Fig. 4.5-1 because it represents 
an upper bound on the 233U enrichment. ) 


Since al] denatured reactors require an initial inventory of 233U, as well as varying 
amounts of 233U as makeup material, a second class of reactors must be considered when 
evaluating the denatured fuel cycle. The purpose of these systems would be to produce the 
233y required by the denatured reactors. Possible LMFBR candidates for this role are the 
Pu/238U reactor with thorium blankets (Cases 2 and 3), a Pu/Th reactor with thorium blankets 
(Case 4), and a 233U/Th breeder (Case 10).* In the reduced-proliferation risk scenario, all 
three of these systems, since they are not denatured, would be subject to rigorous safe- 
guards and operated only in nuclear weapon states or in internationally controlled energy 
centers. Performance parameters for these three types of systems. are included in Table 
4.5-1, and the isotopic fissile production (or destruction) obtained from the ORNL calcu- 
lations is schematically depicted by Fig. 4.5-2. Clearly, each system has its own unique 
properties. From the standpoint of 233U production capability, the hybrid Pu/Th system is 


*See discussion on “transmuters" on p.4-10. — 
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~~ 12% 20% 40% 233Y/Th 
Denatured U Denatured U Denatured U 


Fig. 4.5-1. Mid-Equilibrium Cycle Breeding Ratio Isotopics for 
Denatured Oxide-Fueled LMFBRs. (ORNL Cases 7, 8. 9. and 10 from Table 4,5-1) 


clearly superior. However, it does require a large quantity of fissile plutonium as makeup 
since it essentially "transmutes" plutonium into 233U, The Pu/238U system with the thorium 
radial blanket generates significantly less 233U but also markedly reduces the required 
plutonium feed. In fact, for the case illustrated, this system actually produces a slight 
excess of plutonium. The 233U/Th breeder, characterized by a very small excess 233U pro- 
duction, does not provide a means for utilizing the plutonium bred in the denatured systems, 
and thus it does not appear to have a place in the symbiotic systems utilizing energy-center 
reactors paired with dispersed reactors. (The coupling of each type of fissile production 
reactor with a particular denatured system is considered in Section 7.2.) 


As a final point, preliminary estimates have been made of the safety characteristics 
of some of the alternate fuel cycle LMFBRs relative to those of the Pu/228U reference 
cycle. Initial calculations have indicated that the reactivity change due to sodium voiding 
of a 233U-fueled system is significantly smaller than that of the corresponding Pu-fueled 
system.8 Thus, the denatured reactors, since they are fueled with 233U, would have better 
sodium voiding characteristics relative to the reference system. However, for oxide fuels 
the reported results indicate that the Doppler coefficient for ThO,-based fuels is com- 
parable to that of the corresponding 228U0,-based fuels. 
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Fig. 4.5-2. - Equilibrium Cycle Net Fissile Production for Possible 
Oxide-Fueled 233U Production Reactors. (ORNL Cases 10, 2, and 4 from Table 4.5-1) 
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4.6. ALTERNATE FAST REACTORS 


4.6.1. Advanced Oxide-Fueled LMFBRs 


T. J. Burns 
Oak Ridge National Laboratory 


One method of improving the breeding performance of the LMFBRs discussed in the 
previous section is to increase the core fertile loadings. Typically, this goal is 
accomplished by one of two means: redesign of the pins to accommodate larger pellet 
diameters or the use of a heterogeneous design (i.e., intermixed core and blanket 
assemblies). To maintain consistency with the “classical” designs considered in the 
previous section, using the same fuel elements for both concepts, the latter option was 
pursued to assess the impact of possible redesign options. Table 4.6-1 summarizes some 
preliminary results from calculations for a heterogeneous reactor core model consisting 
of alternating concentric fissile and fertile annuli (primed cases) and compares them 
with results from calculations for corresponding homogeneous cores (unprimed cases). 


As the data in Table 4.6-1 indicate, the heterogeneous configuration results in a 
significant increase in the overall] breeding ratio relative to the corresponding homo- 
geneous calculation. The heterogeneous reactors also require a much greater fissile 
loading for criticality due to the increase in the core fertile loading. However, the 
increase in the breeding gain more than compensates for the increased fissile require- 
ments, resulting in an overall improvement in the fissile doubling time. On the other hand, 
because of the high fissile loading requirements, it appears that a heterogeneous model for 
the denatured cases with 12% enrichment (cases 6 or 7 of the previous section) is unfeasible; 
therefore, an enrichment of »~ 20% was considered as the minimum for the denatured heterogene- 
ous configuration. 


While the denatured heterogeneous configurations result in an increase in the 
averall breeding ratio, it is significant that the 2330 component of the breeding ratio 
also improves. Figure 4.6-1 depicts the breeding ratio components for both the homo- 
geneous and heterogeneous denatured configurations. (Again, the 233U/Th LMFBR is included 
as the upper limit.) As Fig. 4.6-1 indicates, the heterogeneous confiqurations are 
clearly superior from the standpoint of 233U self-sufficiency (i.e., requiring less 
makeup requirements). Moreover, if enrichments in the range of 30% - 40% are allowed, 
it appears possible for a denatured heterogeneous reactor to produce enough 233U to 
satisfy its own equilibrium cycle fuel requirements. Production reactors would therefore 
be required only to supply the initial inventory plus the additional makeup consumed 
before the equilibrium cycle is reached. 
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Table 4.6-1. Comparison of Fuel Utilization Characteristics and Performance Parameters 
for Homogeneous and Heterogeneous LMFBRs Under Various Oxide-Fuel Options 





Equilibrium Cycle 





Reactor Materials Fissile Initial 
‘ Breeding Doubling Fissile Fissile Fissile Discharge 
Axial Internal Radial Ratio, Time (yr) Inventory Charge kg/GWe-yr 
Case* Driver Blanket Blanket Blanket MOEC (RF=0.98) (kg/GWe) (kg/GWe-yr) U Pu 
: , Energy-Center-Constrained Fuels 
1 Pu/U U - U 1.27 12.7 2270 804 - 991 
1! Pu/U v U U 1.50 10.2 3450 1173 - 1517 
2 Pu/U U - Th 1.27 13.1 2291 804 154 834 
2' Pu/U U Th. Th 1.44 12.9 3725 1250 536 1013 
4 Pu/Th Th - Th 1.14 36.1 2712 920 583 427 
4' Pu/Th Th Th Th 1.35 18.2 4159 1365 800 808 7 
Dispersible Denatured Fuels a 
g? 233y/(U+Th) Th - Th 1.09 43.0 2208 834 698 203 
8' 233y/U U Th Th 1.29 18.0 3338 1624 1548 306 
9° 2334 /(U+Th) Th - Th 1.05 112.3 2322 875 835 78 
gid 233U/U U | Th Th - 1.29 20.8 4062 1354 1457 108 
Reference Fuels © 
10 233U/Th Th, os, os Th 1.02 - 2419 911 926 ua 
10° 233y/Th Th Th Th 1.20 30.1 3718 ; 1309 1454 0 





“Capacity factor is 75%; unprimed cases are for homogeneous cores, primed cases for heterogeneous cores; 
bee Table 4.5-1 for case description. 
20% 233u/u, : 
“40% 233u/u, eS 
Included for illustrative purposes only; exceeds design constraints. 
“Reference fuels are considered only as limiting cases. 
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4.6-1. Breeding Ratio Components for LMFBRs Operating on 233y, {Cases 8,8' for 
U; see Tables 


20% 235y%0, and Cases 9,9' for 40% 2 
4.5-1 and 4.6-1.) 


U/U; Cases 10,10' for 233U/Th with no 


The heterogeneous designs also can be employed for the energy-center production 
reactors recuired by the denatured fuel cycles. As indicated in Table 4.6-1, the three 
possible production reactors al] show significant increases in the quantity of 233U 
produced. The net production rates are illustrated schematically by Fig. 4.6-2. More 
importantly, however, use of a heterogeneous core design will allow the isotopics of the 
fissile material bred in the internal blankets to be adjusted for changing demand 
requirements without modifying the driver assemblies. For example the internal blankets 
of the Pu/Th LMFBR could be either ThO, or 238U0,, depending on the demand requirements 
for 233U and Pu. 
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Net Fissile Production Rates for LMFBRs. (Cases 10,10' for 233y/Th core 


Fig. 4.6-2. 
with no 238, Cases 2,2' for Pu/235U core, and Cases 4,4' for Pu/Th core; see Tables 4,5-1 
and 4,6-1.) 




















4.6.2. Carbide- and Metal-Fueled LMFBRS 


D. L. Selby 
P. M. Haas H. E. Knee 
Oak Ridge National Laboratory 


Another method that is being considered for improving the breeding ratios of LMFBRs 
and is currently under development! is one that uses carbide- or metal~based fuels. The 
major advantages of the metal- and carbide-based fuels are that they will require lower 
initial fissile inventories than comparable oxide-based fuels and will result in shorter 
doubling times. This is especially true for metal-based fuels, for which doubling times 
as low as 6 years have been calculated.2. Since for fast reactors the denatured fuel cycle 
would have an inherently lower breeding gain than the reference plutonium-uranium cycle, 
these advantages would be especially important; however, as discussed below, before either 
carbide- or metal-based fuels can be fully evaluated, many additional studies are needed. 


Carbide-Based Fuels 


Carbide-based fuels have been considered for use as advanced fuels in conventional Pu/U 
LMFBRs. Burnup levels as high as 120,000 MWD/T appear feasible, and the fission gas release 
is less than that for mixed oxide fuels.3 Carbide fuels also have a higher thermal conduc- 
tivity, which allows higher linear power rates with a lower center-line temperature. In 
general, the breeding ratio for carbide fuels is higher than the breeding ratio for oxide 
fuels but lower than that for metal fuels. 


Both helium and sodium bonds are being considered for carbide pins. At present 247 
carbide pins with both types of bonds are being irradiated in EBR-II. Other differences in 
the pins include fuel density, cladding type, cladding thickness, type of shroud for the 
sodium-bonded pin, and various power and temperature conditions. The lead pins have already 


achieved a burnup level of 10 at.%, and interim examinations have revealed no major problems. 


Thus there appears to be no reason why the goal of 12 at.% burnup cannot be achieved. 


In terms of safety, irradiated carbide fuel releases greater quantities of fission gas 
upon melting than does oxide fuel. Depending upon the accident scenario, this could be 
either an advantage or a disadvantage. Another problem associated with carbide fuels may 
be the potential for large-scale thermal interaction between the fuel and the coolant [see 
discussion of potential FCIs (Fuel-Coolant Interactions) below]. 


Metal-Based Fuels 


Reactors with metal-based fuels have been operating in this country since 1951] 
(Fermi-I, EBR-I, and EBR-II). Relative to oxide- and carbide-fueled systems, the metal- 
fueled systems are characterized by higher breeding ratios, lower doubling times, higher 
heat conductivity, and lower fissile mass. These advantages are somewhat offset, however, 
by several disadvantages, including fuel swelling problems that necessitate operation at 
lower fuel temperatures. 
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Most of the information available on metal fuels is for uranium-fissium (U-Fs) fuel. 
(Fissium consists of extracted fission products, principally zirconium, niobium, molyb- 
denum, technetium, ruthenium, rhodium, and palladium.) Some information is available 
for the Pu/U-Zr and U/Th alloy fuels but none exists on Pu/Th metal fuels. (The U/Th 
fuels do not require the addition of another metal for stability.) In terms of irradiation 
experience, approximately 700 U-Fs driver fuel elements have achieved burnups of 10 at.% 
without failure. Less irradiation information is available for the Pu/U-Zr alloy, with 
only 16 Pu/U-Zr encapculated elements having been irradiated to 4.6 at .% burnup.* Fast 
reactor experience with U/Th fuels is also quite limited; however, a recent study at 
Argonne National Laboratory has shown that the irradiation performance of U/Th fuels should 
be at least as good as that of U-Fs fuels.5 


With respect to safety, one concern with metal fuels is the possibility of thermal 
interactions between the fuel and the cladding. For most metal alloys, the fuel will swell 
to contact the cladding between 3 and 5 at.% burnup. This effect has been observed in 
irradiation experiments; however, for burnups up to 10 at.% , no more than 4% of the 
cladding has been affected. Thus whether or not fuel-cladding interactions will be a 
limiting factor for fuel burnup remains to be determined. 


For transient overpower (TOP) analysis, the behavior of U/Th elements has been shown 
to be superior to the behavior of the present EBR-II fuel (uranium with 5% fissium), the U/Th 
elements having a 1360°C failure threshold versus 1000°C for the EBR-II elements. Thus 
U/Th metal pins would have a higher reliability during transients than the fuel pins already in 
use in fast reactors. On the other hand, fuel-coolant interaction (FCI) accidents may pre- 
sent a major problem, more so than for carbide fuels (see below). 


Potential for Large-Scale FCIs 


The potential for a large-scale FCI that would be capable of producing mechanical 
work sufficient to breach the reactor vessel and thereby release radioactivity from the 
primary containment has been an important safety concern for LMFBRs for a number of years. 
The assumed scenario for a large-scale FCI is that a large mass of molten fuel (a major 
portion of the core) present as the result of an hypothetical core disruptive accident 
(HCDA) contacts and "intimately mixes with" about the same mass of liquid sodium. The 
extremely rapid heat transfer from the molten fuel (with temperatures perhaps 3000 to 
4000°K) to the much cooler sodium (.1000°k) produces rapid vaporization of the sodium. 
If the mixing and thermal conditions are ideal, the potential exists for the vaporiza~ 
tion to be extremely rapid, i.e., for a vapor “explosion” to occur with the sodium vapor 
active as the working fluid to produce mechanical work. 


A great deal of laboratory experimentation, modeling effort, and some "in-pile" 
testing has been carried out in this country and elsewhere to define the mechanisms for 
and the necessary-and-sufficient conditions for an energetic FCI or vapor explosion for 
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given materials, particularly for oxide LMFBR fuel and sodium. Although there is no con- 
clusive theoretical and/or experimental evidence, the most widely accepted theory is that 
for an energetic vapor explosion to occur, there must be intimate liquid-liquid contact 
of the fragmented molten fuel particles and the contact temperature at the fuel-sodium 
surface must exceed the temperature required for homogeneous nucleation of the sodium. 

A considerable amount of evidence exists to suggest that for oxide fuel in the reactor 
environment, the potential for a large-scale vapor explosion is extremely remote. The 
key factor is the relatively low thermal conductivity of the oxide fuel, which does not 
permit rapid enough heat transfer from the fuel to cause the fuel-sodium contact tempera- 
ture to exceed the sodium homogeneous nucleation temperature, 


The primary difference between carbide and/or metal fuels as opposed to oxide fuels 


is their relatively higher thermal. conductivity. Under typical assumed accident conditions, 
it is possible to calculate coolant temperatures which exceed the sodium homogeneous nuclea- 


tion temperature. This does not mean, however, that a large-scale FCI will necessarily 
occur for carbide-sodium or metal-sodium systems. As noted above, these theories as mecha- 
nisms for vapor explosion have not been completely substantiated. However, insofar as 

the homogeneous nucleation criterion is adequate, it is clear that the potential for large- 
scale vapor explosion, at least in clean laboratory systems, is greater for carbide or 
metal in sodium than for oxide in sodium. Continued theoretical and experimental study is 
necessary to gain a thorough understanding of the details of the mechanisms involved and to 
estimate the likelihood for vapor explosion under reactor accident conditions for any 
breeder system. 


Breeding Performance of Alternate Fuel Schemes 


Table 4.6-2 shows that in terms of fissile production, the reference Pu/U core 
with U blankets gives the best breeding performance regardless of fuel type (oxide, car- 
bide, or metal). For the carbide systems considered, a heterogeneous core design using 
Pu/U carbide fuel with a U carbide blanket gives a breeding ratio of 1.550. For the metal 
systems considered, a nominal two-zone homogeneous. core design using U-Pu-Zr alloy fuel 
gives a breeding ratio of 1.614. 


The increased fissile production capability of the carbide and metal fuels is 
especially advantageous for the denatured cycles. A breeding ratio as high as 1.4 has 
been calculated for a metal denatured system, and the breeding ratio for a carbide de- 
natured system is not expected to be substantially smaller. However, a good part of the 
fissile production of any denatured system is plutonium. Thus the denatured system is 
not a good producer of 233U. However, when used with the energy park concept, where the 
plutonium produced by the denatured systems can be used as a fuel, the denatured carbide 
and metal uranium systems are viable concepts. Metal and.carbide concepts may also prove 
to be valuable as transmuter systems for producing 233U from 232Th. 
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Table 4.6-2. Beginning-of-Life Breeding Ratios for 
Various LMFBR Fuel Concepts 


Breeding Ratio 
Oxide Carbide Metal 





Fuel Blanket Fuels Fuels Fuels 
Pu/238y (reference) 238y 1.44? 1.550” —-1.629° 
233y/238y/Py-Zr 238y 1.614 
233y/238y/Pu-Zr Th 1.537 
233y/238Y/Pu/Th 238y 1.532 
233y/238y/Pu/Th Th 1.406 
Pu/Th Th 1.30” 1.353? 1,381° 
233y/Th Th 1.041 1.044 1.105° 
235y/Th Th 0.786 0.817 0.906° 
233y/238Y-Zr (denatured) Th 1.41? 





#A11 Pu is LWR discharge Pu. 
PRadial heterogeneous design. 
“From ref. 2. 





Of the thorium metal systems considered, the U/Pu/Th ternary metal system was found to 
to be the best 233y producer. Irradiation experiments have shown that the U/Pu/Th alloy can 
be irradiated at temperatures up to 700°C with burnups of up to 5.6 at.%.5 Beginning-of- 
cycle breeding ratios around 1.4 have been calculated for this system, and it appears that 
optimization of core and blanket geometry may increase the breeding ratio to as high as 1.5. 
It is also clear that the equilibrium cycle breeding ratio may be as much as 10% higher due 
to the flux increase in the blankets from the 233U production. This system not only is a pure 
233 producer (no plutonium is produced), but also acts as a plutonium sink by burning plu- 
tonium produced in light-water reactors. . 


Summary and Conclusions 


Both carbide- and metal-based fuels have larger breeding gains and potentially lower 
doubling times than the oxide-based fuels. When the proliferation issue is considered in the 
design aspect (especially for 233U/Th concepts with their inherently lower breeding gains), 
these advantages are enhanced even more. In light of the emphasis on proliferation- — 
resistant nuclear design, the carbide- and metal-fueled reactors have the potential to 
contribute extensively to the energy requirements of this country in the future. However, 
the first step is to establish carbide and metal fuel data bases similar to the present 
data base for oxide fuels, particularly for safety analyses. Present development plans for 
carbide and metal fuels call for a lead concept selection for the carbide fuels by +1981, 
with the metal fuel selection coming in +1984. . 
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4.6.3 Gas-Cooled Fast Breeder Reactors 





T. J. Burns 
Oak Ridge National Laboratory 


In addition to the sodium-cooled fast reactors discussed above, the impact of the various 
alternate fissile/fertile fuel combinations on the Gas-Cooled Fast Breeder Reactor (GCFR) has 
also been addressed (although not to the degree that it has for the LMFBR). A 1200-MWe Pu/U 
GCFR design with four enrichment zones was selected as the reference case.’-8 The various 
alternative fissile/fertile fuel combinations were then substituted for the reference fuel. 

No design modifications or optimizations based on the alternate fuel properties were per- 
formed. It should also be emphasized that the results of this scoping evaluation for 
alternate-fueled GCFRs are not comparable to the results given in Section 4.5 for LMFBRs 
due to markedly different design assumptions for the reference cases. 


The results of the preliminary calculations for the alternate-fueled GCFRs, sum- 
marized in Table 4.6.3, reflect trends similar to those shown by LMFBRs; i.e., relative 
to the reference case, a Significant breeding ratio penalty occurs when 233 is used as 
the fissile material and 232Th as the core fertile material. Moreover, the magnitude 
of the penalty (ABR) is larger for the GCFR than for the LMFBR. Owing to the helium 
coolant, the characteristic spectrum of the GCFR is significantly harder than that of 
a comparably sized LMFBR. In light of the relative nuclear properties of the various 
fissile and fertile species discussed in Section 4.5, this increased penalty due to the 
harder spectrum is not surprising. The number of neutrons produced per fission (v) of 
the fissile Pu isotopes in the GCFR is significantly higher than the number produced in 
the softer spectrum of an LMFBR. The value of v for 233U, on the other hand, is rela- 
tively insensitive to spectral changes. Hence, the larger penalty. associated with 
233y-based fuels in the GCFR is due to the better performance of the Pu reference system 
rather than to any marked changes in 233U performance. A similar argument can be made 
for the replacement of core fertile material. Owing to the harder spectrum, the fertile 
fast-fission effect is more pronounced in the GCFR than in an LMFBR. Thus, the reduction 
in the fertile fission cross section resulting from replacement of 238U by 232Th results 
in a larger decrease in the breeding ratio. It should also be noted that as in the LMFBR 
case, 233U-fueled GCFRs require smaller fissile inventories than do the corresponding 
Pu-fueled cases. 


The better breeding performance of Pu in the harder spectrum of the GCFR, on the 
other hand, indicates that the GCFR would be a viable candidate for the role of energy 
center "transmuter," either as a Pu/Th system or as a Pu/U + ThO, radial blanket system. 
It must be emphasized, however, that these conclusions are tentative as they are based 
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on only the preliminary data presented in Table 4.6-3. The possibility of employing 
heterogeneous designs and/or carbide- or metal-based fuels has not been addressed. It 
should also be noted that evaluation of which type of reactor is best suited for a given 
role in the denatured fuel cycle must also reflect nonneutronic considerations such as 


capital cost, possible introduction date, etc. 


Table 4.6-3, Fuel Utilization Characteristics and Performance Parameters for GCFRs 
Under Various Fuel Options 


(2% losses assumed in reprocessing) 


Initial Fissile Equilibrium Cycle 
——_——feactor Materiajs Fissile Breeding Doubling Fissile Fissite Discharge 
Axial Radial Inventory Ratio, Time (yr) Charge kg/GWe-yr 
Core Blanket Blanket (kg/GWe) MOEC (RF=0.98) (kg/GWe-yr) U Pu 
Energy-Center-Constrained Fuels 
Pu/U U U 2641 1.301 14.3 965 - 1163 
Pu/U U Th 2693 1.276 15.4 987 224 941 
Pu/Th Th Th 3170 1.150 48.3 1158 626 619 


Dispersible Denatured Fuels 


233y sy? U Th 2538 1.088 50.5 1001 671 400 
233ysu° Th Th 2587 1.074 66.8 1019 822 256 
233y/U + Th? Th Th 2720 1.060 98.4 1031 871 208 
233y/u + The Th Th 2956 1.004 1131 1054 81 
Reference Fuels f 

233y/Th Th Th 3108 0.970 1192 1169 
“a, 

Capacity factor is 75%. 
P17.93 ayy, 
qhl.7%,233u/u. 
620% 233u/u. 

0% 233u/u. 


Reference fuels are considered only as limiting cases. 
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5.0. INTRODUCTION 


T. J. Burns 
Oak Ridge National Laboratory 


Currently, a major portion of the nuclear generating capacity in the U.S. consists 
of LWRs operating on the LEU once-through cycle. Implementation of the denatured 2°3U fuel 
cycle will require that the nuclear fuel cycle be closed; thus research and development 
efforts directed at nuclear fuel cycle activities, that is, reprocessing, fabrication of 
fuel assemblies containing recycle material, etc., will be necessary, as well as research 
and devetopment of specific reactor systems designed to utilize these alternate fuels. To 
date, most fuel cycle R&D has been directed at closing the Pu/U fuel cycle under the 
assumption that plutonium would eventually be recycled in the existing LWRs. With the 
exception of the HTGR (for which a 330-MWe prototype reactor is undergoing testing at Fort 
St. Vrain), and the Light Water Breeder Reactor (LWBR) at Shippingport, Pa., U.S. reactors 
have not been designed to operate on thorium-based fuels, and thus the R&D for thortum- 
based fuel cycles has not received as much attention as the R&D for the Pu/U cycle. As a 
result, any strategy for implementation of the denatured fuel cycle on a timely basis must 
be concerned with fuel cycle research and development. It must also be concerned with 
reactor-specific research and development since the implementation of the denatured 233y 
cycle in any reactor will necessitate design changes in the reactor. 


The following two sections of this chapter contain estimates of the research and 
development costs and possible schedules for the reactor-related research and development 
and the fuel-cycle-related research and development required for implementation of the 
denatured fuel cycle in the various types of reactors that have been considered in earlier 
chapters of this report. It should be noted that these two sections are intrinsically 
connected: the implementation of a reactor operating on recycle fue? necessitates the 
prior implementation of the reprocessing and fabrication facilities attendant to that fuel, 
and conversely, the decision to construct a reprocessing facility for a specific recycle 
fuel type is dictated by the existence (or projected existence) of a reactor discharging 
the fuel. 
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5.1. REACTOR RESEARCH AND DEVELOPMENT REQUIREMENTS 


N. L. Shapiro 
Combustion Engineering Power Systems 


The discussions in the preceding chapters, and also the discussion that follows in 
Chapter 6, all assume that LWRs and advanced converters based on the HTGR, HWR, and SSCR con- 
cepts will be available for commercial operation on denatured uranium-thorium (DUTH) fuels 
ona relatively near-term time scale. If this commercialization schedule is to be achieved, 
substantial reactor-related research and development will be required. The purpose of this 
section is to delineate to the degree possible at this preliminary stage of development the 
magnitude and scope of the reactor R,D&D requirements necessary for implementation of the 
reactors on DUTH fuels and, further, to determine whether there are significant R,D&D cost 
differences between the reactor systems. The requirements listed are those believed to be 
necessary to resolve the technical issues. that currently preclude the deployment of the 
various reactor concepts on DUTH fuels, and no attempt is made to prejudge or to indicate 
a preferred system. 


It is to be emphasized that the proper development of reactor R,D&D costs and schedules 
would require a comprehensive identification of design and licensing problems, the development 
of detailed programs to address these problems, and the subsequent development of costs and 
schedules based upon these programs. Unfortunately, the assessment of alternate converter 
concepts has not as yet progressed to the point that problem areas can be fully identified, 
and so detailed development of R,D&D programs is generally impractical at this stage. Con- 
sequently, we have had to rely on somewhat subjective evaluations of the technological status 
of each concept, and upon rather approximate and somewhat intuitive estimates of the costs 
required to resolve the still undefined problem areas. A more detailed development of the 
requirements for many of the candidate systems will be performed as part of the characteriza- 
tion and assessment programs currently under way in, the Nonproliferation Alternative Systems 
Assessment Program (NASAP). 


In general, reactor R,D&D requirements can be divided into two major categories: 
(1) the R,D&D pertaining to the development of the reactor concept on its reference fuel 
cycle; and (2) the R,D&D necessary for the deployment of the reactor operating on an altern- 
ate fuel cycle such as a DUTH fuel cycle. In the discussion presented here it is assumed 
that, with the exception of the HTGR (whose reference fuel cycle already includes thorium), 
the reference cycles of the advanced converters would initially be the uranium cycle (i.e., 
235y/238y) and that no reactor would employ DUTH fuel until after its satisfactory per- 
formance had been assured ina large-plant demonstration. Although it is possible to 
consider the development of advanced converters using DUTH fuel as their reference fuel 
cycle, such simultaneous development could be a potential impediment to commercialization 
since surveys of the utility and manufacturing sectors! indicate a near universal reluctance to 
embark on either a new reactor technology or a new fuel cycle technology, largely because 
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of the uncertainties with respect to reactor or fuel cycle performance, economics, licens- 
ability, and the stability of government policies. Thus attempts to introduce a new re- 
actor technology conditional upon the successful development of an untried fuel cycle tech- 
nology would only compound these concerns and complicate the already difficult problem of 
commercialization. The development of advanced converter concepts intended initially for - 
uranium fueling would allow research and development, design, and the eventual demonstra- 
tion of the concept to proceed simultaneously with the separate development of the DUTH 
cycle. : 


The R,D&D related to the reactor concept itself typically can be divided into three 
components: 


(1) Proof of principle (operating test reactor of small size). 
(2) Design, construction, and operation of prototype plant (intermediate size). 


(3) Design, construction, and operation of commercial-size demonstration plant (about 
1000 MWe). 


Each stage typically involves some degree of basic research, component design and testing, 
and licensing development. In certain instances, various stages of the development can be 
bypassed. This is particularly true of technologies representing only a modest departure 
from the present reactor technology, in which case prototype reactor construction may be 
bypassed completely and demonstrations performed on commercial-size units. If a decision is 
made to do this, the time required to introduce commercial-size units can be shortened, but 
financial risks are increased because of the larger capital commitment required for full- 
scale units. On the other hand, total R&D costs are somewhat reduced, since some fraction 
of the R&D required for prototype design usually proves not to be applicable to large-plant — 
design. 


It is also possible in certain instances to perform component R&D and design for the 
prototypes in such a fashion that identical components can be used directly in the demon- 
stration units.. Thus, by employing components of the same design and size in both systems 
the R&D necessary to scale up components could be avoided. ‘ 


Each of the three advanced converter reactors discussed in this section has already 
proceeded through the proof-of-principle stage. Of these, the HTGR is the most highly develop- 
ed within the United States, with a 330-MWe prototype currently operating (the Fort St. Vrain 
plant). HWRs have received much less development within.the United States, but reactors of 
this type have been commercialized in the Canadian CANDU reactor. Yowever, due to differences 
jin design between the CANDU and the HWR postulated for U.S. siting (for example, the ex- 
pected use of slightly enriched fuel. in a U.S. HWR) and also to differences in licensing 
criteria, it would still be desirable to construct a U.S. prototype plant before proceeding 
to the commercial-size demonstration plant phase.. The SSCR represents only a modest 
departure from the design of PWRs already operating, but even'so, the construction and 
operation of a prototype plant would also be the logical next stage in the evolution of this 
concept. 
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As has been pointed out above, relatively rapid introduction schedules for the 
various reactors have been postulated in the nuclear power scenarios described in Chapter 
6. This is because one of the objectives of this report is to establish the degree to 
which advanced converters and the denatured uranium-thorium (DUTH) cycle can contribute to 


improved uranium resource utilization so as to defer the need for plutonium-fueled breeder 


reactors and to eliminate from further consideration those concepts which cannot contribute 
significantly to this goal even if rapidly introduced. The SSCR is assumed to be intro-~ 
duced in 1991 and HWRs and HTGRs in 1995. In view of the time requirements for plant 
construction and licensing, it is clear that the prototype plant stage will have to be 
bypassed if these introduction dates are to be achieved. Consequently, for the discussion 
below it has been assumed that the program for each reactor will be directed toward the 
construction of the demonstration plant. This reactor/fuel cycle demonstration is in 

turn divided into two parts: one consisting of the generic reactor R&D required to 

provide the basic information necessary for the design and licensing of a commercial-size 
demonstration facility; and another consisting of the final design, construction, and 
operation of the facility. For this demonstration program, continued government funding 
has been assumed because of the substantial R&D and first-of-a-kind engineering costs that 
will be incurred and because of the increased risks associated with bypassing the prototype 


stage. 


In considering fuel-cycle-related reactor R,D&D, it is assumed that the demonstration 
of the reactor concept on its reference cycle has been accomplished and only that R,D&D re- 
quired to shift to an alternate cycle (specifically a DUTH cycle) need be addressed.* The 
basic types of fuel-cycle-related reactor R,D&D are: 


(1) Data-base development. 
(2) Reactor components development. 


(3) Reactor/fuel cycle demonstration. 


The purpose of the data base development R&D is to provide physics verification and 
fuel performance information necessary for the design and licensing of reactors operating on 
the subject fuel cycle; the intent here is to provide information similar to that which has 
been developed for the use of mixed-oxide fuels in LWRs. Physics verification experiments 
have typically consisted of critical experiments to provide a basis to demonstrate the ability 
of analytical models to predict such important safety-related parameters as reactivity level, 
coefficients of reactivity, and poison worths.. Safety-related fuel performance R&D might 
consist of such aspects as fue] rod irradiations to establish in-reactor performance and 
discharge isotopics; special reactor experiments to establish such parameters as in-reactor 
swelling, densification, center-line temperature and fission gas release; and tests of the 


*Note that the R,D&D requirements included are those related to the design, licensing and 
operation of the reactor only. The requirements for developing the fuel cycle itself are 
considered separately (see Section 5.2). The prime example of such fuel-cycle-related 
reactor R,D&D is that already performed for plutonium recycle. Here, fairly extensive 
R,D&D was performed both by the government and by the private sector to develop reactor 
design changes and/or reactor-related constraints, licensing information, and in-reactor 
demonstrations to support the eventual utilization of mixed-oxide fuels. 
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performance of the fuel during anticipated operational transients. Since such safety-related 
fue? performance information would be developed as part of the fuel recycle program dis- 
cussed in Section 5.2, the R&D costs for this aspect are mentioned here only for completeness. 


Reactor components development has been included since, in principle, the use of 
alternate fuels might change the bases for reactor design sufficiently that additional com- 
ponents development could be required. The extent of the reactor design modifications re- 
quired to accommodate a change from a reactor's reference fuel to denatured fuel would, of 
course, vary with the reactor type. : 


The third aspect of fuel-cycle-related R&D is the reactor/fuel cycle demonstration. 
This demonstration includes the core physics design and safety analysis, which identifies 
any changes in design basis events or in reactor design necessitated by the denatured 
uranium-thorium fuel cycles, the preparation of an analysis report (SAR), and the subse- 
quent in~-reactor demonstration of substantial quantities of denatured fuels. 


In summary, a number of assumptions have been made to arrive at a point of refer- 
ence for evaluating the research and development required for reactors to be commercialized 
on a DUTH fuel cycle within the postulated schedule. In particular, it has been assumed 
that the prototype plant stage either has been completed or can be bypassed for HTGRs, 
HWRs, and SSCRs, and thus the remaining R,D&D related to the reactor concept itself is 
that required to operate a commercial-size demonstration plant. The demonstration plants 
are based on each reactor's reference fuel rather than on a DUTH fuel; to convert the 
reactors to a DUTH fuel will require additional R,D&D that will be fuel-cycle-related. 

For the LWRs, which have long passed the demonstration stage on their reference fuel, all 
the reactor R,D&D required to operate the reactors on a DUTH fuel is fuel-cycle-related. 
The demonstration program in this case would be the demonstration of DUTH fuel ina 
current-generation LWR. (Note: This discussion does not consider reactor R,D&D to 
substantially improve the resource utilization of LWRs, which, as is pointed out in 
Section 4.1 and Chapters 6 and 7, is currently being studied as’ one approach for increas- 
ing the power production from a fixed resource base. )} . 
; / 

This evaluation has also required that assumptions be made regarding the degree of 
financial support that could be expected from the government. These assumptions, and the 
criteria on which they are based, are presented in the discussions below on each reactor 
type. While the assumptions regarding government participation are unavoidably arbitrary 
and may be subject to debate, it is to be pointed out that basically the same assumptions 
have been made for all. reactor types. Thus the reader may scale the costs presented to 
correspond to other sets of assumptions. 


Finally, it is to be noted that while the nuclear power systems included in this 
study of the denatured 233y fuel cycle include fast breeder reactors, no estimates are 
included in this section for FBRs. Estimated research and development cost schedules. for 
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the LMFBR on its reference cycle are currently being revised, and a study of the denatured 
fast breeder fuel cycle, which includes fast transmuters and denatured breeders, is included 
as part of the INFCE program (International Nuclear Fuel Cycle Evaluation). The results 
from the INFCE study should be available in the near future. 


5.1.1. Light-Water Reactors 


Preliminary evaluations of design and safety-related considerations for LWRs operat- 
ing on the conventional thorium cycle indicate thorium-based fuels can be employed in LWRs 
with little or no modification. Consequently, the R&D costs given here have been estimated 
under the assumption that denatured fuel will be employed in LWRs of essentially present 
design. This assumption is not meant to exclude minor changes to reactor design (for 
example, changes in the number of control drives, shim loadings, or fuel management, etc.) 
but rather reflects our current belief that design changes necessitated by DUTH fuels will 
be sufficiently straightforward so as to be accommodated within the engineering design 
typically performed for new plants. 


As has been described in the discussion above, the first phase of such fuel-cycle- 
related research consists of the development of a data base from which safety-related 
parameters and fuel performance can be predicted in subsequent core physics design and 
safety analysis programs. First, existing thorium materials and fuel performance infor- 
mation should be thoroughly reviewed, and a preliminary evaluation of safety and licensing 
issues should be made in order to identify missing information and guide the subsequent 
development program. Although this initial phase is required to fully define the required 
data base R&D, it is possible to anticipate in advance the need to establish information 
in the areas of physics verification and safety-related fuel performance. 


As shown in Table 5.1-1, the physics verification program under data base develop- 
ment is estimated to cost .$10 million. This program should be designed both to provide 
the information required to predict important safety-related physics parameters and to 
demonstrate the accuracy of such predictions as part of the safety analysis. Improved 
values must be obtained for cross sections of thorium and of isotopes in the thorium 
depletion chains, such as 233U and protactinium, al? of which have been largely neglected 
in the past. Resonance integral measurements should also be performed for denatured fuels 
both at room temperature and at elevated temperatures, such experiments being very im- 
portant for accurately calculating safety-related physics characteristics and also for 
establishing the quantities of plutonium produced during irradiation. Finally, an LWR 
physics verification program should include a series of critical experiments, preferably 
both at room temperature and at elevated moderator temperatures, for each of the fuel 


types under consideration (i.e., for thorium-based fuels utilizing denatured 235U, denatured 
233), or plutonium). These experiments would serve as a basis for demonstrating the adequacy 


of the cross-section data sets and of the ability of analytical models to predict such 
safety-related parameters as reactivity, power distributions, moderator temperature 
reactivity coefficients, boron worth, and control rod worth. 


-_ 


eee 


A 


er) 








5-9 


__ Table 5.1-1, Government Research and Development Required to Convert 
ace Light-Water Reactors to Denatured Uranium-Thorium Fuel Cycles 
hes (20% 235y/238y-Th or 20% 233U/238U-Th) ° 


. Assumptions: Al] basic reactor R&D required for commercialization of LWRs operating on 
7 their reference fuel cycle (LEU) has been completed. 


bes Use of denatured fuel can be demonstrated in a current-generation LWR. 
i Because utility sponsoring demonstration wil} be taking some risk of 

‘ decreased reactor avilability, a 25% government subsidy is assumed for 
si a 3-year demonstration program. 


i Note: LWRs can be operated on the denatured ?35U/23°U-Th fuel cycle before any other reactor 
tes system; however, they cannot be economically competitive with LWRs operating on the 
LEU once-through cycle because higher U30g requirements are associated with thorium 
aa fuel. Any commercial LWRs operating on a denatured cycle before the year 2000 must 
ko be subsidized. 








Cost 
[ Research and Development ($M) 
A. Data base development 
w Al. Physics verification program 10 
he Improve cross sections for Th, 233U, Pa, etc. 
Measure resonance integrals for denatured uranium- 
ps thorium fuels at room temperature and at elevated 
temperatures. 
Perform and analyze critical experiments for 
= each fuel. 
ie A2. Fuel-performance program (30 - 150)* 
Perform in-reactor properties experiments 
{! Perform power ramp experiments 
La Perform fuel-rod irradiation experiments 
Perform transient tests 
¥ B. Reactor components development (develop handling . 5 - 25 
equipment/procedures for radioactive 222U-con- 
taining fresh fuel elements). : 
Li C. Demonstration design and licensing 20 - 100 
C]. Develop core design changes as required for 
denatured fuels : 
fF C2. Perform safety analysis of modified core 
oe C3.- Prepare safety analysis report (SAR); carry 
\ through licensing — 
te D. Demonstration of LWR operating on denatured fuel 50° - 200° 
_ (probably 235U/238y-Th) 
as ould be included in fuel recycle R&D costs (see Section 5.2). 
é Ppotential government subsidy; i.e., total cost of demonstration is $200M. 
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The fuel performance program under LWR data-base development would consist of the 
establishment of safety-related fuel performance information such as transient fuel damage 
limits, thermal performance both for normal operation and with respect to LOCA* margins on 
stored heat, dimensional stability (densification and swelling), gas absorption and release 
behavior, and fuel cladding interaction. The initial phase of this program should consist 
of in-reactor properties experiments, power ramp tests, transient fuel damage tests, and 
fuel rod irradiations. The in-reactor properties experiments would be similar to the 
program currently underway in Norway's Halden HWR and would be designed to provide informa- 
tion on such parameters as center-line temperature, swelling and densification, and fission- 
gas release during operation. The power ramp experiments would consist of preirradiation 
of the fuel rod segments in existing LWRs. and the subsequent power ramping of these segments 
in special test reactors to establish anticipated fuel performance during power changes 
typically encountered in the operation of LWRs. Examples of such programs are the inter- 
national inter-ramp and over-ramp programs currently being undertaken at Studsvik. The 
transient fuel damage experiments would be designed to provide information on the performance 
of the denatured fuels under the more rapid transients possible during operation and in 
postulated accidents. Lastly, the fuel rod irradiation experiments would provide informa- 
tion on the irradiation performance of prototypical thorium-based fuel rods, and, with 
subsequent post-irradiation isotopic analyses, would also provide information on burnup 
and plutonium production. (As noted previously, the fuel performance program costs are 
included, though not specifically delineated, under the fuel cycle R,D&D discussed in 
Section 5.2.) 


In addition to the data base development, some as yet unidentified reactor components 
development could be expected. To cover this aspect of the program, an estimated cost of 
$5 - $25 million is included in Table 5.1-1. 


The remaining fuel-cycle-related R&D for LWRs would be devoted to developing core 
design changes and safety analysis information in preparation for a reactor/fuel cycle 
demonstration. In this phase of the program, safety-related behavior of alternate fuel 
would be determined using the specific design attributes of the demonstration reactor. 

The effects of alternate fuel cycles on plant safety and licensing would require examina- 
tion of safety criteria and the dynamic analyses of design basis events. Appropriate 
safety criteria, such as acceptable fuel design limits and limits on maximum energy deposi- 
tion in the fuel, would have to be determined. Changes in core physics parameters that 
result from alternate fuel loadings and the implication of these changes on reactor design 
and safety would also have to be identified and accommodated within the design. For 
example, changes in fuel and moderator temperature reactivity coefficients, boron worth, 
control-rod worth, prompt-neutron lifetime and delayed-neutron fraction must be addressed 
since they can have a large impact on the performance and safety of the system. The ef- 
fects of alternate fuel cycles on the dynamic system responses should be determined for all 
transients required by Regulatory Guide 1.70, Revision 2. It would also be necessary to 
determine the implications of denatured fuel cycles on plant operation and load change 
performance to determine whether the response of plant control and protection systems is 


*LOCA = Loss-of-Coolant Accident. 
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altered. A safety analysis report for denatured thorium fuels would be prepared as part 
of this development task and pursued with licensing authorities through approval. 


The reactor development cost associated with commercializing the LWR on the DUTH fuel 
cycle is thought to be about $200 million. This relatively low cost results from the com- 
mercial status of the LWR and from the relatively small risk associated with deploying a 
new fuel type, since if the demonstration program is unsuccessful, the reactor can always 
be returned to uranium fueling. The estimated cost for the light-water reactor is based 
on an assumed 25% government subsidy for a three-year in-reactor demonstration. The 25% 
subsidy is intended primarily to ensure the sponsoring utility against the potential for 

decreased reactor availability which might result from unsatisfactory performance of the 


DUTH fuel. (The cost of the fuel itself is included in the fuel recycle development costs 
discussed in Section 5.2.) 


5.1.2. High-Temperature Gas-Cooled Reactors 


Although a number of alternate high-temperature gas-cooled reactor technologies have 
been or are being developed by various countries, this discussion considers the reactor con- 
cept developed by the General Atomic Company. U. S. experience with high-temperature gas- 
cooled reactors dates from March 3, 1966, when the 40-MWe Peach Bottom Atomic Power Station 
became operable. More recently, the 330-MWe Fort St. Vrain HTGR plant has been completed 
and is currently undergoing initial rise-to-power testing. Consequently, HTGR status in 
the U. S. is considered to be at the prototype stage and the basic reactor development 
still required is that associated with the demonstration of a large plant design. Al- 
though the success of the Fort St. Vrain prototype cannot be fully assessed until after 
several years of operation, in this discussion satisfactory performance of the Fort St. 
Vrain plant has been assumed. 


’ Cost estimates for the R&D requirements for the development of a large commercial 
HTGR on its reference HEU/Th cycle are shown in Table 5.1-2. These estimates include only 
that R&D required relative to the Fort St. Vrain plant. As -these tables indicate, the 
majority of the R&D expenditures would be directed toward component. R&D and component 


‘design, specifically for the development. of the PCRV (prestressed concrete reactor vessel), 


steam generator, instrumentation and control, -materials and methods, and the main helium 
circulators and service systems. In addition, an estimated $30 million to $60 million 
would be required for licensing and preparing a safety analysis report for the initial 
power reactor demonstration program. —_ 


The cost of a power reactor demonstration plant for the HTGR on its reference cycle 
would be significantly higher than the cost given earlier for an LWR on a DUTH cycle, 
reflecting the increased cost and risk associated with deploying new concepts. In 
developing the potential reactor demonstration costs for the HTGR, we have assumed that 
a substantial government subsidy (50%) would be required for the first unit. Since it 
will be necessary to commit at least the second through fifth of a kind prior to the 
successful operation of this initial demonstration unit if the postulated deployment 














5.1.2. Government Research and Development Required to Demonstrate HTGRS, HWRs, and SSCRs on Their Reference Cycles 
Assumptions 
1. All reactors except LWRs still require basic reactor research and development for operation on their reference fuel cycles. 
2, Logical progression of basic reactor R&D (excluding fuel performance and recycle R&D) is: 
A. Proof of principle with smal] test reactor. 
B. Design, construction, and operation of prototype reactor and/or component testing facility. 
C. Design, construction, and operation of demonstration plant. 
3. Substantial government subsidies are required for rapid commercialization of reactors since unfavorable near-term 
economics and/or high-risk factors make early commitment on concepts by private sector unattractive. 
High-Temperature Gas-Cooled Reactors Heavy-Water Reactors'?° Spectral-Shift-Controlled Reactors > 
(Reference Fuel Cycle: HEU/Th) 4 (Reference Fuel Cycle: SEU) (Reference Fuel Cycle: . LEU) 
Cost Cost Cost 
Research and Development ($M) Research and Development ($M) Research and Development ($M) 
A. Proof of principle accomplished A. Proof of principle accomplished A. Proof of principle accomplished in 
in Peach Bottom Reactor - by Canada -- BR3 reactor in Belgium -- 
B. Prototype reactor operation in 8. Prototypes of natural-uranium B. Prototype operation not believed to 
progress (Ft, St. Vrain plant) -- fueled reactors already operated be necessary s- 
at <1000 MWe by Canada 
C. Large plant design and licensing C. Large plant design and licensing C. Large plant design and licensing 
C1. Component R&D 80-90 C1. Technology transfer and 120 Cl. Component R80 30-€0 
PCRV; steam generators; manufacturing license fee : Develop 020 upgrader technology; 
control. and instrumentation; C2. Component R&D 60-150 perform thermal-hydraulic tests; 
materials; main helium cir- 7 valve, seal, and pump development 
culators and sérvice systems Core modifications; develop~ to minimize leakage; develop 
ment and modification for refueling techniques 
U.S. siting _ 
C2. Component design 50-100 C3. Licensing and SAR development 30-100 C2. Licensing and SAR development 20-50 
C3. Licensing and SAR development 30-60 
D. Large plant demonstration D. Large plant demonstration D. Large plant demonstration (in modified PWR) 
50% subsidy of first unit 400 50% subsidy of first unit 400 100% subsidy of extra equipment 
(plus other costs) for first unit 140 
25% subsidy of next four units 700 25% subsidy of next four units 700 100% subsidy of extra equipment for 
next four units 100 


er 

Sectimates based on those from Arthur D. Little, Inc. study, "Gas Cooled Reactor Assessment," August, 1976, pilus subsequent experience at 
the Ft. St. Vrain plant. 

»oemonstration plant may require reactivation of U.S. heavy-water facilities; commercialization of these reactors will necessitate development 
of D20 production industry... , 

“Assumed to be CANDU-PHWR-based design deployed under Canadian license; R&D costs would be significantly higher for U.S.-originated design. Under 
this assumption, a U.S. prototype is not thought necessary, although it may still be desirable. The use of SEU/higher burnups can be demonstrated 
in Canadfan plants, while other design modifications such as higher operating pressures can be demonstrated in the lead plant of the large plant 
demonstration program after completion of component R&D. 
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schedule is to be maintained, our costs presume further governmental support will be nec- 
essary (a 25% subsidy is assumed) for the second through fifth units. As noted in Table 


‘5.1-2, a 50% subsidy of the first unit is expected to be about $400 million, and a 25% 


subsidy of the next four units is expected to total $700 million. Since the assumptions 


“underlying government subsidies of the reactor demonstration program shown in Table 5.1-2 


have been defined, these costs can be adjusted to reflect either different levels of govern- 
ment support or a change in the overall cost of the demonstration program. 


As has been stated above, it has been assumed that the advanced converters such as 
the HTGR would all be successfully demonstrated on their reference cycles before they are 
converted to DUTH cycles. However, since the reference cycle for the HTGR is already a 
thorium-based cycle, it is likely that a denatured cycle could be designated as the 
reference cycle for this reactor and thus that the lead plant demonstration program would 
be for a DUTH-fueled HTGR. If this were done, the additional costs required to convert 
the HTGR to a denatured fuel might be smaller than those associated with converting LWRs 
from their uranium-based fuel cycle to a thorium-based cycle. 


5.1.3. Heavy-Water Reactors 


Although a number of alternate heavy-water reactor concepts have been developed by 
various nations, only the CANDU pressurized heavy-water reactor has been deployed in sig- 
nificant numbers. Therefore, as noted previously, the CANDU reactor is taken as the 
reference reactor for deployment in the United States. The R&D cost can vary considerably, 
depending on whether developed Canadian technology is utilized or whether the U,S, elects 
to independently develop a heavy-water-reactor concept. It is assumed here that the U.S. 
HWR will be based on the CANDU-PHWR and deployed under Canadian license and with Canadian 
cooperation. Thus, our costs address only those aspects required to extend the present 
CANDU design to that of a large plant (1,000-MWe) for U.S. siting. An order of magnitude 
higher R&D conmitment would be required if it were necessary to reproduce the development 
and demonstrations which the Canadians have performed to date. 


Research and development requirements for the HWR are included in Table 5.1-2. In- 
herent in these requirements is the assumption that although the U.S. design would be based 
on the CANDU-PHWR, significant changes would have to be made in order to realize a com- 
mercial offering in the U.S. These modifications consist of the development of a large 
plant design (1,000-MWe), the use of slightly enriched fuel both to improve resource 
utilization and to reduce power costs, modifications of the HWR design to reduce capital 
cost (the practicality of which is generally related to the use of slightly enriched fuel), 
and modifications required for U.S. licensing. 


The rather large range of potential R&D costs shown in Table 5.1-2, particularly 
for licensing and SAR development, is indicative of the uncertainty introduced by 
licensing, i.e., to the degree to which the HWR will be forced to conform to licensing 
criteria developed for the LWR. . . 








The first aspect of large plant design and licensing R&D, identified as component 
R&D, is related primarily to the extension of the CANDU to 1,000 MWe, the use of slightly 
enriched fuel, and possible increases in system pressure so as to reduce effective capital 


cost. In general, increasing the power output of the HWR to 1,000 MWe should be more readi- 


ly accomplished than with other concepts such as the LWR, since it can be accomplished 
simply by adding additional fuel channels and an additional coolant loop. The use of 
slightly enriched fuel and higher operating pressures should result in no fundamental 
changes to CANDU design, but nevertheless will necessitate some development in order to 
accommodate the higher interchannel peaking expected with slightly enriched fuels and the 
effect of higher system pressures on pressure-tube design and performance. Modifications 
for U.S. siting are somewhat difficult to quantify since a thorough licensing review of 
the HWR has yet to be completed. Although there is no doubt of the fundamental safety of 
the CANDU, modifications for U.S. siting and licensing are nevertheless anticipated for 
such reasons at differing seismic criteria (due to the differing geology between the U.S. 


and Canada) and because of differing licensing traditions. Additional experimental informa- 


tion on the performance of slightly enriched uranium fuel should also be developed by ir- 
radiating such fuel in existing HWRs (such as in Canada's NPD plant near Chalk River) to 


the discharge burnups anticipated for the reference design (about 21,000 MWe/TeM). Methods 


of analyzing the response of the HWR to anticipated operational occurrences and other 
postulated accidents will have to be developed and approved by the Nuclear Regulatory 
Commission, and a safety analysis report in conformance with NRC criteria will have to be 


developed and defended. 


As is the case for the HTGR, the cost for a power demonstration plant for the HWR 
would be significantly higher than the cost for a DUTH-fueled LWR. The large plant demon- 
stration costs shown in Table 5.1-2 have been estimated under the same set of assumptions 


used for estimating the HTGR plant. 


The cost of a program to convert an HWR from its reference uranium cycle to denatured 


fuel would be approximately equal to that previously described for the LWR. 


5.1.4. Spectral-Shift-Controlled Reactors 


As was noted in Chapter 4, the SSCR consists basically of a PWR whose reactivity 
control system utilizes heavy water instead of soluble boron to compensate for reactivity 
changes during the operating cycle. Since the SSCR proof-of- principle has already been 
demonstrated by the operation of the BR3 reactor in Belgium, and since various components 
required for heavy-water handling and reconcentration are well established by heavy-water 
reactor operating experience, the SSCR is considered to be at a stage where either a 
prototype or a large power plant demonstration is required. 


‘ 


For most alternative reactor concepts at this stage of development, a prototype 
program would be necessary because of the capital cost and high risk associated with 
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bypassing the prototype stage and constructing a large power reactor demonstration. Such 
a prototype program may also be desirable for the SSCR, particularly if the prototype pro- 
gram involved the modification of an existing PWR for spectral-shift control rather than 
the construction of a wholly new plant for this purpose. However, the estimates of the 
reactor R&D requirements given for the SSCR in Table 5.1-2 are based on the assumption 
that this prototype stage is bypassed. This can be justified on the basis that the SSCR is 
rather unique among the various alternatives because of its close relationship to present 
PWR technology. In particular, no reactor deve lopment would be required and the reactor 
could be designed so that the plant would be operated in either the conventional poison 
control mode or in the spectral-shift control mode. As a result, a great majority of the 
capital investment in the plant and the power output of the plant itself is not at risk. 
Likewise, the potential for serious licensing delays is largely mitigated, since the reac- 
tor could initially be operated as a poison-controlled PWR and easily reconfigured for 

the spectral-shift control once the licensing approvals were obtained. “Consequently, the 
capital at risk is limited to the additional expenditures required to realize spectral- 
shift control, roughly $30 - $60 million for component R&D, plus rental charges on the 
heavy water inventory. The additional expenditures for design and licensing, $20 - $50 
million, would have also been necessary for the prototype. 


The component R&D would consist of a thermal-hydraulic development task; valves and 
seal development; development of D0 upgrader technology; and refueling methods development, 
design and testing. The thermal-hydraulic tests would be designed to produce a departure 
from nucleate boiling correlation for the SSCR moderator similar to that which has been 
developed for the PUR light-water moderator. The correlations are expected to be very 
similar, but tests to demonstrate this assumption for the various mixtures of heavy and 
light water will be required. 


Valves and seal development will be necessary in order to minimize leakage of the 
heavy-water mixture; reduction of coolant leakage is important both from an economic 


‘ standpoint (because of the cost of D20) and because of the potential radiological hazard 


from tritium which is produced in the coolant. Methods of reducing coolant leakage from 
valves and seals have been extensively explored as part of the design effort on heavy- 
water reactors and utilization of heavy-water reactor experience is assumed. The R&D 
program would address the application of the technologies developed for the heavy-water 
reactor to the larger size components and higher pressures encountered in the SSCR. 


The 0,0 upgrader employed in the SSCR is identical in concept to the upgraders used 
on heavy-water reactors and in the last stage (finishing stage) of D.0 production facilities. 
The sizing of various components in the upgrader would, however, be somewhat different for 
SSCR application because of the range of D.0 concentration feeds (resulting from the 
changing D.0 concentration during a reactor operating cycle), and because of the large 
volume of low D20 concentration coolant which must be upgraded toward the end of each 
operating cycle. The upgrader R&D program would consider the sizing of the upgrader, 
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and should also address methods of minimizing the 020 inventory in the upgrader.so as to 
minimize D20 inventory charges. 


Lastly, component R&D should address methods for refueling and for coolant exchange 
during refueling. Refueling should be performed with pure light water present in the reac- 
tor (so as to avoid the radiological hazard of tritium); the light water must subsequently be 
replaced with the light-water/heavy-water mixture prior to initiating the next operating 
cycle. In order to accomplish this refueling/coolant exchange without necessitating large 
volumes of heavy water for this purpose, a modified bleed-and-feed procedure is being ex- 
plored in which the differences in density between the warm water in the core and the cool 
makeup water is exploited in order to minimize coolant mixing and the amount of excess D.0 
inventories required. Scale tests of this refueling procedure (or any other refueling/ 
coolant exchange procedure selected) will be required. 


The R&D related to safety and licensing should consist first of data development for 
the SSCR operating on the uranium fuel cycle. This data base has been partially developed 
in the initial SSCR development work performed by the USAEC in the 1960s. However, additional 
work, primarily in the area of physics verification of safety-related parameters (i.e., critical 
experiments which establish reactivity predictions, power distributions, D.0 worths, and con- 
trol rod worths) are required for uranium fuel. The second aspect of the safety and licens- 
ing R&D should consist of a preliminary system design, the performance of a safety analysis 
for the SSCR, and the development of a safety analysis report for spectral-shift-control 
operation. At this stage, component design and development would be limited to those areas 
in which some design changes would be required in order to ensure that the consequences of 
postulated accidents and anticipated operational occurrences with the SSCR would be comparable 
to those for the conventional PWR. 


The main areas thought to require attention are the implications of coefficients of 
reactivity on accidents that result in a cool-down of the primary coolant, the D20 dilution 
accident, and tritium production. The implications of ‘the spectral-shift mode of control 
on plant operation and load change performance should also be addressed as part of the 
preliminary design evaluation. 


' With respect to the large plant demonstration of the SSCR, the financial risk to 
utilities would be limited to the extra capital equipment required to realize spectral-shift 
control. Because the proposed schedule for commercialization is more rapid for the SSCR 
than for any of the other advanced converters, it has been assumed here that the government 
would essentially purchase the extra equipment required for the first five units (at $25 mil- 
lion per unit). In the case of the first unit, additional funding to mitigate the lower 
capacity factors anticipated for an experimental unit have been added. Also the cost for 
the first unit includes the carrying charges on the D,0 inventory. D20 carrying charges 
are not included for the second through fifth units since it should be possible to 
demonstrate the spectral-shift control on the first unit before the D.0 for the remaining 
units needs to be purchased, so that a decision to employ spectral-shift control in sub- 
sequent units would be one which is purely commercial in nature. 
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It is unlikely that an:SSCR would be converted to the denatured fuel cycle unless a 
similar change had previously occurred in the LWR. In this case, only a demonstration of 
the performance of denatured fuel in the spectral-shift mode of control would be needed. 
These incremental costs are estimated to be $10 - $60 million. 


5.1.5. R,D&D Schedules 


Schedules for completing the R,D&D effort delineated above are summarized in Fig. 
5.1-1. Although it can be argued that, given strong governmental support both in funding 
and in helping usher the various concepts through the licensing process, these schedules 
could be accelerated, the schedules shown are thought to be on the optimistic side of what 
can reasonably be expected to be achieved. In particular, a nine-year period has been as- 
sumed for the design, licensing and construction of a new reactor type; this would appear 
somewhat optimistic since it is currently taking longer to bring conventional LWRs on Tine. 
It should‘also be noted that in general the time scale required to develop alternate fuel 
cycle technologies (cf. Section 5.2) is estimated to be at least as long, and sometimes 
longer, than that required to develop reactor-related aspects. In general, this is because 
test facilities (for example, to perform demonstration irradiation) are available either 
in the U.S. or in Canada, so that R&D work prior to the design, licensing, and construction 
of a large demonstration plant could be rapidly initiated. 


5.1.6. Summary and Conclusions 


It has been the purpose of this section to delineate the magnitude and scope of reac- 
tor R,D&D expenditures associated with the use of DUTH fuel in converter reactors and to 
determine if there are significant R,D&D cost differences between reactor systems. Recom- 
mendations for the further development of specific denatured reactors are provided in 
Section 7.5 where the R&D requirements discussed here are weighed against the potential 
benefits of various nuclear power systems utilizing denatured fuels, as presented in 
Chapter 6. 


In developing the nuclear power scenarios examined in Chapter 6, it was recognized 
that the benefits of operating: LWRs.and alternate reactor types on DUTH fuels are dependent 
upon the speed and extent to which the systems can be deployed. Since the primary goal of 
this interim:report is to establish whether there is an incentive for DUTH-fueled systems, 
a rather rapid deployment schedule was assumed so that the maximum benefits that could be 
anticipated from each reactor/fuel cycle system could be determined. Systems for which 


there is insufficient incentive for further development could thus be identified and eliminated 


from further consideration. Trade-offs between the prospects for commercialization, R&D 
costs, and deployment schedules and economic/resource incentives could then be evaluated 
in greater detail for the remaining options. , 
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LWRs on Denatured Cycte® 


7 | ESTIMATED 
CALENDAR YEAR COSTS 
1978 1980 1985 1990 1995 2000 2005 ($M) 


DEMONSTRATION 


DEMO DESIGN AND LICENSING f 


2tndicates minimum time from standpoint of reactor development; start time would be delayed for 


interfacing with fuel cycle development. ‘ 
Includes $30-150 million for fuel performance program (see Table 5,1-2). 
$50 million is potential government subsidy. 


HTGRs, HWRs, and SSCRs on Reference Cycles 


ESTIMATED 
GUSTS 
($) 
HIGH-TEMPERATURE GAS- 
COOLED REACTORS 


(HEU/Th CYCLE) 





PROTOTYPE IN 
OPERATION 


160 - 250 


PROTOTYPE CONSTRUCTION 


AND OPERATION = ia 
DEMO DESIGN AND LICENSING ee 
DEMO CONSTRUCTION 
ii 


DEMO OPERATION t 
PROTOTYPE NOT 
NECESSARY 
210 - 370 
400%? 


DEMO CONSTRUCTION 
DEMO OPERATION : 
SPECTRAL -SHIFT-CONTROLLED 
REACTORS (LEU cycte) 
DEMO CONSTRUCTION. f 2 50 - 110 


DEMO OPERATION . ; 140 %e 


HEAVY-WATER REACTORS 


(SEU CYCLE) 


PROTOTYPE CONSTRUCTION 
AND OPERATION 


DEMO DESIGN AND LICENSING 


Srirst demonstration unit only. 
xcludes cost of D0 plant facilities. 
Incremental costs above PWR costs. 


Fig. 5.1-1. R&D Schedules and Costs for Government~-Supported 
Demonstration of Various Reactor Systems 
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The most rapid deployment schedule considered to be feasible was one in which time 
was allowed to resolve technical problems but one that was largely unimpeded by commercializa- 
tion considerations. The R,D&D schedules that have been presented in this section are 
consistent with this approach. However, it is recognized that the high-risk factors and 
potentially unfavorable near-term economics of such a schedule would make it unattractive 
to the private sector, especial ly for those systems requiring large-plant demonstration. 
Demonstration program costs are viewed as highly uncertain and dependent upon the specific 
economic incentives for each reactor/cycle concept and on such factors as the licensing 
climate and general health of the industry prevailing at the time of deployment. Thus the 
costs associated with the R,D&D schedules are assumed to be largely government financed. 


A comparison of the total estimated costs to the government for the various reactor 
systems discussed above is presented in Table 5.1-3. As noted, the R,D&D costs are lowest 


Table 5.1-3. Estimated Total Government Support Required for Demonstration of 
LWRs on DUTH Fuels and Advanced Converters on Various Fuels 


Total Costs 
System ($M) Comments 


LWR; DUTH Fuels 85 - 215% In current-generation LWR; no demon- 
stration plant required. 


Advanced Converters; 
Reference Fuels 


HTGR; HEU/Th Fuel 560 - 750° If DUTH fuel selected as reference 
fuel, additional incremental cost 
probably less than cost of convert- 
ing LWRs to DUTH fuels. 


HWR; SEU Fuel 610 - 770°2¢ Additional incremental cost to con- 
vert to DUTH fuels approximately 
equal to that for LWR conversion. 


SSCR; LEU Fuel 190 - 250°2¢ Could be converted to DUTH fuel for 


$10M - $60M if LWRs already con- 
verted, 


2Includes 25% subsidy for demonstration of LWR on DUTH fuel; excludes fuel 
pberformance program (see Table 5.1-2). 
Covers first demonstration unit only; 25% subsidy of four additional units 
anticipated (see Table 5.1-2). 
Excludes costs of heavy-water plant facilities. 


for the LWR on denatured fuel because of the already widespread deployment of this reactor 
concept. It is assumed that all basic R&D required for commercialization of LWRs operat- 
ing on their reference fuel cycle (LEU) has been completed, and that the use of denatured 
fuel can be demonstrated in current-generation LWRs. Thus, an LWR demonstration plant, 

as such, will not be required.. The commitment of an LWR to DUTH fuels will entail some 
risks, however, and a 25% government subsidy is assumed to be necessary for a three-year 
demonstration program. 
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The R,D&D costs are highest for the HTGR and HWR, which are yet to be demonstrated 
on their reference cycles for the large unit size (1000-MWe) postulated in this report. 
The cost of these demonstration units constitutes the largest fraction of the total esti- 
mated R,D&D costs, although substantial costs will also be incurred for large plant design 
and licensing, which includes component R&D, component design, and licensing and SAR 
development. The R,D&D requirements for the HTGR and HWR are judged to be similar under 
the assumption that experience equivalent to that of the Fort St. Vrain HTGR prototype 
can be obtained from Canadian technology. The SSCR is viewed as having R,D&D costs 
intermediate between those of the LWR and those of the HTGR because of the heavy reliance 
of the SSCR on LWR technology. As has been discussed in the text, once these reactors 
have been demonstrated on their reference cycles, additional R,D&D will be required to 
convert them to DUTH fuels. 


Section 5.1] References 


1. "The Economics and Utilization of Thorium in Nuclear Power Reactors," Resource Planning 
Associates, Inc., January 16, 1968 (draft). 
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5.2. FUEL RECYCLE RESEARCH AND DEVELOPMENT REQUIREMENTS 


I. Spiewak 
Oak Ridge National Laboratory 


The purpose of this section is to summarize the technical problems that must be ad- 
dressed by a fuel recycle research and development program before reactor systems producing 
and using denatured uranium-thorium (DUTH) fuels can be deployed commercially. Preliminary 
estimates of the schedule and costs for such a program are also included to provide some 
perspective on the commitments that will be required with the introduction of reactors 
operating on denatured fuels. Wide ranges in the estimates reflect the current uncertain- 
ties in the program. However, detailed studies of the research and development requirements 
for the recycle of DUTH fuels are now being conducted by the DOE Nuclear Power Division's . 
Advanced Fuel Cycle Evaluation Program (AFCEP), and when the results from these studies be- 
come available, the uncertainties in costs and schedules should be reduced. , 


5.2.1. Technology Status Summary 


The technological areas in a fuel recycle program cover fuel fabrication/refabrication 
(fuel material preparation, rod fabrication, element assembly); fuel qualification (irradia- 
tion performance testing and evaluation); fuel reprocessing (headend treatment, solvent 
extraction, product conversion, off-gas treatment); and waste treatment (concentration, cal- 
cination, vitrification, and radioactive-gas treatment). 


Fuel Fabrication/Refabrication and Qualification 


In general, the basic technology for the fabrication of uranium oxide pellet fuels is 
established, with the fabrication of both LWR and HWR uranium fuels being conducted on a 
commercial scale. In contrast, Pu/U oxide pellet fuels have been fabricated only on a small 
pilot-plant scale, and a significant amount of research and development is still required. 
Areas requiring further study include demonstration of: 


(1) a pelletizing process to ensure uniform product characteristics sna pereornarices 
(2) methods for verifying and controlling the characteristics of the Pu/U fuels; 

(3) processes for the recovery of contaminated scrap; 

(4) a reliable nondestructive assay system for powders, fuel rods, and wastes; 


(5) the ability to operate a large-scale plant remotely, but with hands-on maintenance 
(in the case where Pu/U oxides containing high quality plutonium are being fabricated); 
and ‘ 


(6) satisfactory irradiation performance of Pu/U fuels produced in commercial-scale 
processes and equipment. 
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In the case of metal-clad oxide fuels that are thorium based, the areas requiring 
further study are essentially the same as those listed above for the Pu/U oxide fuels; how- 
ever, in contrast to Pu/U-oxide fuels, where significant effort has already been devoted 
toward resolving this list of areas, relatively little R&D has been performed to date for 
thorium-based fuels and consequently a larger amount of research and development would be 
required. The intense radioactivity of the decay daughters of 232U (which is produced in the 
thorium along with the 233U) requires that the refabrication processes all be remotely 
operated and maintained. This requirement will necessitate additional development of the 
refabrication processes and may require the development of new fabrication methods. The 
qualification of U/Th and Pu/Th oxide fuels will also require additional R&D efforts. 


HTGR fuels are coated uranium oxide or carbide microspheres embedded in a graphite 
fuel element. The process and equipment concepts for refabricating HTGR fuel remotely 
have been identified; however, additional R&D prior to construction of a hot demonstra- 
tion facility is needed. This should cover: 


(1) the scaleup of refabrication equipment, 
(2) the recycle of scrap material, 
(3) the control of effluents, and 


(4) the assay of fuel-containing materials. 


Additional R&D will also be required for qualification of the recycle fuel. 


While the reference HTGR fuel cycle already includes thorium, further development work 
will be required to fabricate DUTH fuels for HTGRs because of the requirement of a higher 
uranium content of the fissile particle and the increased production of plutonium during 


irradiation. 


Fuel Reprocessing 


The basic technology for reprocessing of uranium and uranium/plutonium oxide pellet 
fuels with low burnup exists in the Purex process. This technology is based on many years 
of government reprocessing experience with military-related fuels; however, a commercial 
reprocessing plant for mixed oxide power reactor fuels that conforms to current U.S. federal 
and state requirements has not yet been operated. Additionally, while engineering or 
pilot-scale work has been successfully carried out on all important processes and components 
of the reprocessing plant, operability, reliability, and costs of an integrated plant have 
not .been demonstrated in all cases at fuel exposures expected in commercial reactors. 


Specific areas that still require development work include the following: 


(1) operation and maintenance of the mechanical headend equipment; 
(2) ‘methods for handling highly radioactive residues that remain after the dissolution 
of high-burnup fuel; 


(3) the technology for reducing radioactive off-gas releases (e.g., Kr-85, iodine and 
tritium) to conform to anticipated regulations; 
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(4) remotely operated and directly maintained conversion processes for plutonium from 
power reactor fuels; and \ 


(5) high-level waste solidification and vitrification to prepare for terminal storage. 


The technology for reprocessing thorium-based oxide pellet fuels is less advanced than 
that for uranium-based fuels. The Thorex process has been used to process irradiated thori- 
um oxide fuels of low burnup in government plants and in limited quantities in a small-scale 
industrial plant. Thorium oxide fuels have not been processed in a large-scale plant specif- 
ically designed for thorium processing, nor has highly irradiated thorium oxide fuel 
been processed by the Thorex process in engineering-scale equipment. 


The principal differences between the reprocessing development required to reprocess 
metal-clad thorium-based oxide fuels and graphite-based HTGR fuel occur in the headend 
treatment. Partitioning of fuel materials from both classes of reactor fuel can then be 
accomplished by a Thorex-type solvent extraction process. 


In the case of metal-clad oxide fuels, additional headend process R&D is required to 
determine how zirconium cladding can be removed and the ThU2 fuel dissolved. Significant 
waste handling problems may be encountered if fluoride is required to dissolve ThO,. 


In the case of the headend process development for graphite-based HTGR fuels, develop- 
ment work is needed with irradiated materials in the crushing, burning and particle separation 
operations, and in the treatment of !%C-containing off-gases associated with the headend 
of the reprocessing pliant. 


Specific areas of solvent extraction process development work required to reprocess 
all thorium-containing reactor fuel include: 
(1) fuel dissolution, feed adjustment, and clarification; 
(2) technology development for containing 229Rn and other radioactive gases to conform to 
regulations; , 
(3) recovery of fully irradiated thorium in large-scale facilities; 
(4) partitioning of fuel solutions containing U, Pu, and Th; 
(5) recovery and handling of highly radioactive product streams; 
(6) process and equipment design integration; and 
(7) high-level waste concentration and vitrification. 


Waste Treatment 


Waste treatment R&D requirements common to al? fuel cycles involve development of 
the technology needed for immobilizing high-level and intermediate-level solid and gaseous 
wastes. Processes for concentration, calcination, and vitrification of these are needed. 
The waste treatment requirements for the various fuel cycles are similar, but they would 
be more complex for the thorium-based cycles if fluorides were present in the wastes. 
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5.2.2. Research, Development, and Demonstration Cost Ranges and Schedules 


While fuel recycle R&D needs can be identified for a variety of alternate fuel 
cycles and systems, the launching of a major developmental effort to integrate these 
activities into a specific integrated fuel cycle must await a U.S. decision on the fuel 
cycle and reactor development strategy that would best support our nonproliferation objec- 
tives and our energy needs. Whether it would be more expeditious to develop individual 
cycles independently in separate facilities or to plan for an integrated recycle develop- 
ment facility will depend on the nature and timing of that decision. If a number of related 
cycles were developed in the same facilities, the total costs would be only moderately 
higher than the costs associated with any one cycle. Since the denatured 233U cycle implies 
a system of symbiotic reactors (233U producers and 233U consumers), such an approach is 
likely to be attractive if a decision were made to develop the denatured 233U cycle. 


The existence of major uncertainties in.the fuel recycle development and demonstration 
programs make cost projections highly uncertain. There are, first, difficulties inherent in 
projecting the costs of process and equipment development programs which address the resolu- 
tion of technical problems associated with particular reactors and fuel cycles. In addition, 
there are uncertainties common to projecting costs and schedules for al] fuel recycle develop- 
ment programs; specifically, uncertainties in the future size of the commercial nuclear in- 
dustry cause problems in program definition. It is necessary to identify the reactor growth 
scenario associated with the fuel cycle system so that fuel loads can be projected and 
typical plant sizes estimated. This is critical from the standpoint of establishing the 
scale of the technology to be developed and the principal steps to be covered in the 
development. For example, if the end use of a fuel cycle is in a secure energy center, 
smaller plants are involved and the development could conceivably be terminated with a 
plant that would be considered a prototype in a large (1500 MT/yr). commercial reprocessing 
facility development sequence. Similarly, growth rates for particular reactor types may be 
much. smaller than others, or the fuel loads may be smaller because of higher fuel burnup. 
Thus, smaller fuel cycle plants would be required. 


The problem is further complicated by the fact that the fuel recycle industry has 
for a number of years been confronted with uncertain and escalating regulatory requirements. 
Permissible radiation exposure levels for operating personnel, acceptable safeguards . 
systems, and environmental and safety requirements, all of which affect costs, have not 
been specified. Nevertheless, based upon experience with previous fuel recycle develop- 
ment programs, typical fuel recycle R,D&D costs for the fuel cycles of interest can be pre- 
sented in broad ranges. In the past, reprocessing costs had been developed for the U/Pu 
systems with partitioned and decontaminated product streams. These have been used here to 
provide base-line costs. Any institutional consideration, such as a secure fuel service 
center, that would permit conventional Purex and Thorex reprocessing to take place would 
give more credence to the base-line technology development costs used here. 
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Estimated cost ranges and times for the development and commercialization of a new 
reprocessing technology and a new refabrication technology are presented in Tables 5.1 
and 5.2 respectively. From these tables, it can be seen that the total cost to the 
federal government to develop a new reprocessing technology would range between $0.8 billion 
and $2.0 billion. The corresponding cost: for a new refabrication technology would be 
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Table 5.2.1. Estimated Cost Range for Development and 
Commercialization of a Typical New 
keprocessing Technology 


Unescalated 


Billions of Dollars 


between $0.4 billion and $1.1 bil- 
lion. For fuel recycle development, 
the costs traditionally borne by 


“the government include basic R&D, 


construction and operation of 
pilot plants, development of large- 


Base technology R&D 3.1 - 0.5 scale prototype equipment, and sup- 
Hot pitot plant testing UB Nee port for initial demonstration 
j Subtotal b 0.6 - 1.5 facilities. To these costs should 
L Large-scale €0ld prototype testing : 0.2 - 0.5 he: addad: the: costs oF the waste 
Total 0.8 - 2.0 


i OO a 
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Large-scale demonstration plant® (1.0 - 3.0) 


‘2estimated lapsed time requirements from initial devel- 


opment through demonstration ranges from 12 years 
‘for established technology to 20 years for new tech- 
nology. 
Government might incur costs of this magnitude as 
part of demonstration program. 
“Commercial facility - extent of government participa- 
tion difficult to define at this time. 


Table 5,2-2. Estimated Cost Range for Development 
and Demonstration of a Typigal New 
Refabrication Technology” 





7Estimated lapsed time requirements from initial 
development through demonstration ranges from 
about 8 - 10 years for technology near. that 
established to about 15 years for new technology. 
Commercial facility - extent of government 
participation difficult to define at this time. 


treatment technology development 
needed to close the fuel cycle. 


The capital costs estimated 
for a commercial demonstration 
facility are listed separately in 
Tables 5.1 and 5.2 because the 
extent that the government might 
support these facilities is un- 
known. Since they will be 
commercial facilities, costs 
incurred either by the government 


e Unescalated or by a private owner could be 
L Billions of Dollars recovered in fees. The total 
Base technology 0.1 - 0.3 capital costs might range between 
1| Pold-commoncht test ie en $1.0 billion and $3.0 billion for a 
Irradiation performance testing e 9.1- 0.4 large reprocessing demonstration 
Total eo 0.4 - 1.1 facility and between $0.7 billion and 
Large-scale demonstration ; (0.7 - 1.4) 


$1.4 billion for a refabrication 
demonstration facility. 


Tables 5.1 and 5.2 show that 
the major costs associated with 
commerciatization of fuel cycles lie 


[| at the far end of the R&D progression, namely, in the steps involving pilot plants, large-scale 
‘ prototype equipment development, and. demonstration plants, if required. The rate and sequencing 
oa oe of R&D expenditures can be inferred from Tables 5.2-1 and 5.2-2. Base technology R&D to identify 
L process and equipment concepts may require 2-6 years. The engineering phase of the development 








program, including hot testing, may require 5-12 years. Reference facility design and con- 
struction might require 8-12 years. There can be considerable overlapping of phases so that 
for a given fuel cycle the total lapsed time from initial development to commercialization of 
fuel recycle ranges from about 12-20 years. The total time would depend upon the initial 
technology status, the degree to which the R&D program steps are telescoped to save time, and 
the stage to which the development program must be carried. The thorium cycles would be at 
the far end of the development time range. : 


Table 5.2-3 presents the R&D cost ranges in terms of reactor types and fuel recycle 
systems. For all fuel cycles, the uncertainty in the R&D costs should be emphasized. Thus, 
in water reactors, the estimated range of R&D costs is $1.3-2.3 billion for U/Pu recycle 
development, and $1.8-3.3 billion for DUTH recycle development. For HTGRs, the correspond- 
ing ranges are $1.4-2.6 billion and $1.8-3.3 billion for U/Pu and DUTH recycle development, 
respectively; for FBRs, the corresponding ranges are $1.6-3.0 billion and $2.0-3.6 billion, 
respectively. Although there is a significant cost uncertainty for each reactor type and 
fuel cycle, for a given reactor type the trend in costs as a function of fuel cycle is 
significant. Generally, the reference U/Pu cycle would be’ least expensive and the DUTH 


cycle the most expensive, with the Pu/Th and HEU/Th cycles intermediate. 


Table 5.2-3. Estimated Range of Fuel Recycle R&D Costs* 
Billions of Dollars 


dapat U/Pu Pu/Th DUTH HEU/Th 
Water Reactors 1.3-2.3 1.6-3.0 1.8-3.3 1.6-2.9 
HTGRs 1.4-2.6 1.6-3.0 1.8-3.3  1.6-2.9 
FBRs 1.6-3.0  1.8-3.2 2.0-3.6 (esa 





*Includes costs. for developing reprocessing and refabrication 
technologies and a portion of the waste treatment technology 
development costs. 


5.2.3. Conclusions 


A decision to develop reactor systems operating on denatured fuel cycles requires a 
government commitment to spend $0.5 billion to $2 billion more on a fuel recycle develop- 
ment program than would be required to develop reactors operating on the reference - 
(partitioned, uncontaminated products) U/Pu cycles. ‘The differential is even larger when 
reactors operating on DUTH cycles are compared with reactors operating on once-through 
cycles. No comparison has been made with the costs of developing diversion-resistant U/Pu 
cycles (using co-processing, spiking, etc. ). . . 


Expenditures to develop recycle systems for DUTH: fuels would span a period of 
20 years from initial development to commercialization. The principal expenditures would 
occur in the second half of this period, when large facilities with high operating costs 
are needed. , 
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6.0. INTRODUCTION 


In this chapter civilian nuclear power systems that utilize denatured 233U fuel to 
various degrees are analyzed to determine whether they could meet projected nuclear power 
demands with the ore resources assumed to be available. The reactors employed in the systems 
are those discussed in earlier chapters of this report as being the reactors most likely to 
be developed sufficiently for commercial deployment within the planning horizon, which is 
assumed to extend to the year 2050. The reactors included are Light Water Reactors (LWRs), 
Spectral-Shift-Controlted Reactors (SSCRs), Heavy Water Reactors (HWRs), High~Temperature 
Gas-Cooled Reactors (HTGRs), and Fast Breeder Reactors (FBRs). In each case, the nuclear 
power system is initiated with currently used LWRs operating on the Tow-enriched 235U fuel 
cycle, and other converter reactors and/or fuel cycles are added as they become available. 

On the basis of information provided by the reactor designers, it is assumed that 235U-fueled 
LWRs alone will be utilized through the 1980s and that LWRs operating on denatured 233U and 
239py will become available in the early 1990s. It is also assumed that SSCRs operating on 

the various fuel cycles wil] become available in the early 1990s. Thus nuclear power systems | 
consisting of LWRs alone or of LWRs and SSCRs in combination, with several fuel cycle options 
being available, could be introduced’ in the early 1990s. LWR-HWR and LWR-HTGR systems could be 
expected in the mid 1990s, and FBRs could be added to any of the systems after the year 2000. 


The nuclear power systems utilizing denatured 233U fuel were *ivided into two major 
categories: those consisting of thermal converter reactors only ars those consisting of 
both thermal converters and fast breeders. Three "nuclear policy options" were examined 
under each category, the individual options differing primarily in the extent to which 
plutonium is produced and used to breed additional fissile material. For comparison, a 
throwaway/stowaway option employing LEU converters was also analyzed, and two options 
utilizing the classical plutonium-uranium cycle were studied, one using converters only 
and the other using both converters and breeders. 


Ail of the options studied were based on the concept of secure energy centers and 
dispersed reactors discussed in previous chapters. Thus, all enrichment, reprocessing, and 
fuel fabrication/refabrication activities, as well as fuel and/or waste storage, were assumed 
to be confined to the energy centers. In addition, all reactors operating on plutonium or 
highly enriched uranium were assigned to the centers, while reactors operating on low-enriched 
or denatured uranium were permitted to be outside the centers. Determining the precise nature 
and structure of the energy center was not within the scope of this study. Presumably it 
could be a relatively small localized area or a large geographical region covering an entire 
nuclear state, or even a collection of nuclear states. If more than one country were involved, 
the sensitive facilities could be nationally owned but operated under international safeguards. 
But whatever the character of the center an important consideration for any nuclear policy op- 
tion is its “energy support ratio," which is defined as the ratio of the nuclear capacity 
installed outside the center to the capacity installed inside the center. Only as the sup- 
port ratio increases above unity is the capability of the system to deliver power to dis- 
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persed areas ensured - a fact which is particularly important if nuclear states are planning 
to provide nuclear fuel assurances to nonnuclear states. 


The philosophy used in this study is 
illustrated in Fig. 6.0-1. Given a specified 





cin U30g supply and a specified set of reactor 
a ta 3 Salada to development options, the potential role of 
nuclear power, the resources required to 
SPECIFIED REACTOR Sa 
DEVELOPMENT OPTIONS a) dt) df) achieve this role, and the composition and 
Pe movement of fissile material were calculated. 
CALCULATE 28 The deployment of the individual reactors and 
NUCLEAR GROWTH POTENTIAL 2 s ‘ “i . soca fa 
TIME ' their associated fuel cycle facilities were 
= in all cases consistent with the nuclear 


RESOURCE REQUIRENENTS AND a ci policy option under consideration. The intro- 
HAL LOCATION —,| —— a Py 
duction date for each individual reactor con- 


cept and fuel cycle facility was assumed to be 


EDL 7802-98.1 


Fig. 6.0-1.. The Philosophy of the ; . ; ; 
Nuclear Systems Assessment Study. This allows an evaluation of the maximum im- 


pact of the system on any particular nuclear 

option. The effect of delaying the deployment 
of a reactor/cycle because it produces undesirable consequences was determined simply by 
eliminating it from the option. 


the earliest technologically feasible date. 


It was assumed that a nuclear power system was adequate if its installed nuclear capacity 
was 350 GWe in the year 2000 and a net increase of 15 GWe/yr was realized each year thereafter, 


with the increase sustained by the U,0, supply. Two different optimizing patterns were 
used in the study. A few runs were made assuming economic competition between nuclear 
fuel and coal, the plants being selected to minimize the levelized cost of power over 
time. These runs, described in Appendix D, indicated that for the assumptions used in 
this analysis nuclear power did not compete well at U30g prices above $160/1b; therefore, 
in the remaining runs an attempt was made to satisfy the demand for nuclear power with 
U30g available for less than $160/1b U30g. It is these runs that are described in this 
chapter. : 


The specific assumptions regarding the U30g supply are presented in Section 6.1 below, 
which also includes descriptions of the operating characteristics of the individual reactors 
utilized, the various nuclear policy options chosen for analyses, and the analytical method 
applied. Section 6.2 then compares the results obtained for a selected set of nuclear policy 
options, and Section 6.3 summarizes the conclusions reached on the basis of those comparisons. 
The economic data base used for these studies is given in Appendix B, and detailed results 
for all the nuclear policy options are presented in Appendix C. 
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6.1.:. BASIC ASSUMPTIONS AND ANALYSIS TECHNIQUE 


6.1.1. The U30g Supply 


The most recent estimates of the supply of U,0, available in the United States as re- 
ported by DOE's Division of Uranium Resources and Enrichment (URE) are summarized in Table. 
6.1-1 (from ref. 1). On the basis of a maximum forward cost of $50/1b, the known reserves 
plus probable potential resources total 2,325 x 103 ST. URE estimates that an additional 
140 x 103 ST is available from byproducts (phosphates and copper), so that the amount of 
U303 probably available totals 2.465 x 10° ST (or approximately 2.5 million). If the 
"possible" and "speculative" resources are also considered, the URE estimates are increased 
to approximately 4.5 million ST. Neither of these estimates include U30g which may be 
available from other U.S. sources, such as the Tennessee shales, or from other nations.* 


The actual U30g supply curves used in the analysis were based on the long-run marginal 
costs of extracting U30g rather than the forward costs. The long-run marginal costs con- 
tain the capital costs of facilities currently in operation plus a normal profit for the 
industry; thus they are probably more appropriate for use in a nuclear strategy analysis. 
The actual long-run marginal costs used in this analysis are shown in Table B-7 of Appendix 
B and are plotted in Fig. 7.4-1 in Chapter 7. These sources show that if the recoverability 
of the U30g supply is such that large quantities can be extracted only at high costs, then 
the supply available at a cost of less than $160/1b is probably no more than 3 million ST. 
If, however, the recoverability is such that the extraction costs fall in what is considered 
to be an intermediate-cost range, then as much as 6 million ST U30g could be available at 
a cost of less than $160/1b. In the remainder of this study, these two assumptions are 
referred to as "high-cost" and "“intermediate-cost" U30g supply assumptions. 


The rate at which the U30g resource is extracted is at least as important as the size 
of the resource base. URE has estimated that it would be difficult for the U.S. to mine 
and mill more than 60,000 ST of U30g per year in the 1990's (ref. 3). (Note: This estimate 
was based on developing reserves and potential resources at forward costs of less than 
$30/1b. These costs do not include capital costs of facilities or industry profits.) 

Al though the combined maximum capability of a coalition of states may exceed this, it is 

not possible to specify a definite upper limit until more is known about the locations of 
the sources of U30, and the difficulties encountered in recovering it. Recognizing this, 
and also recognizing that the annual capacity is still. an important variable, the nuclear 
policy options analyzed in this study were considered to be more feasible if their annual 
mining and milling rate was less than 60,000 ST of U30g per year.* 


*Editor's Note: In 1977 the U.S. produced 15,000 ST of U30g concentrate (ref. 2). 


TEditor's Note: In 1977 the U.S. gaseous diffusion plants produced 15.1 million kg SWU per 
year (ref. 4). After completion of the cascade improvement program (CIP) and cascade up- 
dating program (CUP) in the 1980's, the U.S. capacity will be 27.4 million kg SWU per year 
(refs. 5 and 6). A gas centrifuge add-on of 8.8 million SWU has been proposed for the 
government-owned enrichment facility at Portsmouth, Ohio. Considerable enrichment capacity 
also exists abroad; therefore, enrichment capacity is inherently a less rigid constraint 
than uranium requirements or production capabilities. 
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6.1.2. Reactor Options 


The reactor designs included in this study have not been optimized to cover every con- 
ceivable nuclear policy option. Such a task is clearly impossible until the options have 
been reduced to a more manageable number. However, the designs selected have been developed 
by using detailed design procedures and they are more than adequate for a reactor strategy 
study such as is described here. a 

Table 6.1-1. Estimates of U303 Supply Available in U.S.A.° 


: Resources (10° ST) 


Forward 

Cost 

($/1b) Known Probable Possible Speculative Total 
15 360 560 485 165 1,570 
30 690 1,065 1,120 415 3,290 
50° 875 1,450 1,470. 570 4,365 


aE rom ref. 1. 


Dat $50/1b, the known reserves of 875 x 10° ST plus the probable reserves of 1,450 x 103 
ST plus 140 x 103 ST from byproducts (phosphates and copper) total 2,465 x 103 ST (or + 
2.5 million ST). If the possible and speculative resources are included, the total is 
increased to 4,505 x 103 ST (or » 4.5 million ST). 


Four general types of reactors are included: LWRs, represented by Pressurized Water 
Reactors (PWRs); HWRs, represented by Canadian Deuterium Uranium Reactors (CANDUs); High 
Temperature Gas Cooled Reactors (HTGRs); and Fast Breeder Reactors (FBRs). The data for the 
PWRs were provided by Combustion Engineering (CE) and Hanford Engineering Development Lab- 
oratory (HEDL); the data for the CANDUs by Argonne National Laboratory (ANL); the data for 
the HTGRs by General Atomic (GA); and the data for the FBRs by HEDL. In addition to the 
standard LWRs (PWRs), spectral-shift-controlled PWRs (SSCRs) are also included in the study, 
the data for the SSCRs being provided by CE. Descriptions of the individual reactors used 
in the study are given in Tables 6.1-2 and 6.1-3 (ref. 7), and the economic data base for 
each is given in Appendix B. 


The LWR designs include reactors fueled with low-enriched and denatured 235U, denatured 
233Y, and plutonium, the diluent for the denatured designs consisting of either 238U or 
thorium, or both. In addition, a low-enriched LWR design optimized for throwaway has been 
studied, and also three SSCRs fueled with low-enriched 225U, denatured 233U, and Pu/Th. 


The HWRs are represented by three 235U-fueled reactors (natural, slightly. enriched, 
and denatured), a denatured 233U reactor, a Pu/238U reactor, and a Pu/Th reactor. The HTGR 
designs consist of low-enriched, denatured, and highly enriched 235U reactors; denatured* 
and highly enriched 233U reactors; and a Pu/Th reactor. 


The FBR designs consist of two Pu/238U core designs (one with a 238U blanket and one 
with a thorium blanket) and one Pu/Th core design (with a thorium blanket). In addition, a 
233y/238Y core design with a thorium blanket has been studied. The 233U enrichment is less 
than 12%, and thus this FBR is a denatured design. 


*In contrast to the other reactor types, the denatured 23°U HTGR design is assumed to contain 
15% 233 in 238U instead of 12%. 
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Introduction dates for each reactor type are included in Table 6.1-2. A slight modifica- 
tion to an existing PWR fuel design, such as a thicker fuel pin cladding to extend the dis-~ 
charge exposure, was introduced in 1981. A more extensive modification, such as a denatured 
235y PWR fuel pin, was delayed until 1987. The remaining PWR designs, including the SSCRs, 
were introduced in 1991. The HWRs and HTGRs were all introduced in 1995, while the FBRs 
were not introduced until 2001. 


The lifetime-averaged 233U, 235U, and fissile plutonium flows given in Table 6.1-3 show 
that for the throwaway cycle, low-enriched HTGRs offer significant (almost 20%) uranium ore 
savings compared to lTow-enriched PWRs. Slightly enriched HWRs reduce uranium ore require- 
ments by an additional 20% over HTGRs and more than 35% over LWRs. Although low-enriched 
LWRs and HTGRs have roughly the same enrichment requirements, the slightly enriched HWRs 
require 5 to 6 times less enrichment. The low-enriched SSCR offers about a 22% savings in 


enrichment. 


Core discharge exposures for FBRs are approximately twice the exposures for LWRs, 
while exposures for HWRs are about half those for LWRs. An exception is the natural- 
uranium HWR, which has a discharge exposure of one-fourth that for the LWR. HTGR dis- 
charge exposures are extremely large - nearly 200 MWd/kg for the Pu/Th fuel design: 


The two FBRs with Pu-U cores have breeding ratios of 1.34 to 1.36. Replacing the 
uranium in the core with thorium reduces the breeding ratio by 0.15, while replacing the 
plutonium with 233U reduces the breeding ratio by 0.16. Finally, comparing 225U-fueled 
thermal reactors with 233U-fueled reactors shows that the 233U-fueled reactors have con- 
version ratios about 0.10 to 0.15 higher. 


The most striking observation that can be made from the total fissile fuel requirements 
shown in Table 6.1-3 is the significantly lower fissile requirements for the denatured 235U- 
fueled SSCRs and HWRs and for the highly enriched 233U/Th-fueled HTGR. 


Finally, a few comments should be made about the relative uncertainties of the per- 
formance characteristics for the reactor designs in this study. Clearly, the low-enriched 
235U-fueled LWR (PWR) has low performance uncertainties. Numerous PWRs that have been designed 
using these methods are currently in operation. The highly enriched 235U-fueled HTGR also 
would be expected to be quite accurate since Fort St. Vrain started up in 1977. For the same 
reason, the successful operation of HWRs in Canada gives a high level of confidence in the 
natural uranium fueled CANDUs. 


‘The Pu-U-fueled FBRs have had a great deal of critical experiment backup, and a few 
FBRs have been built in the U.S. and abroad, giving assurance in the calculated performance 
parameters of these reactors. Most of the remaining reactors, however, have rather large 
uncertainties associated with their performance characteristics, This is because these 
reactors have not been built, and most have not even had critical experiments to verify the 
designs. The uncertainty for the alternate-fueled reactor designs is even greater since the 
effort in developing nuclear data for 233U and thorium has been modest compared to that 
expended in developing data for 235U, 238U, and plutonium. 








Table 6.1-2. Characteristics of Various Reactors 





are - “Equilibrium Conditions 
Lifetime Requirements Reavy Veta Care Beading 
aac arichment leavy Meta ore reeding 





~~ 0303 , 
a Introduction lee (tons U308/GHe)” (108 kg SHU/GWe)? icauicees Poe: ceaverston 
Reactor/Cycle Date (MWe) Charge Discharge Net Charge Discharge Net (MT/GWe-yr)  (MWD/kg) Ratio 

" LWR-US(LE)/U-S 1969 1150 5236 1157 4078 3.11 0.17 2.94 25.8 30 0.60 
LWR-U5(LE)/U-EE 1981 1150 4904 ft) 4904 3.01 0 3.11 18.2 43 0.54 
LWR-U5(DE)/U/Th 1987 1150 884] 3803 5038 _ 8203 3.20 4.83 24.1 33 0.66 
LWR-U3(DE)/U/Th 199] 1150 0 0 0 0 0 0 24.1 32 0.80 
LWR-Pu/U 1991 1150 950 0 950 20 0 0 25.7 30 0.70 
LWR-Pu/Th 1991 1150 0 0 0 0 ) 0 22.6 33 - 
SSCR-U5(LE)/U 199} 1300 4396 908 3489 2.42 0.05 2.37 25.3 30 - 
SSCR-U3(DE)/U/Th 1991 1300 0 0 0 0 0 0 23.0 33 - 
SSCR-Pu/Th : 1991 1300 0 0 0 0 0 0 23.0 33 - 
HWR-U5(NAT)/U 1995 1000 4156 0 4156 0 0 0 114.9 7.5 - 
HWR-U5(SEU)/U 1995 1000 3187 0 3187 0.59 0 0.59 53.9 16 - 
HWR-U5(DE)/U/Th 1995 1000 7337 2402 4935 6.66 1.94 4.73 53.9 16 - = 
HWR-U3(DE)/U/Th 1995 1000 0 0 0 0 0 o - 53.9 16 - ds 
HWR-Pu/U 1995 1000 2030 0 2030 0 0 i) 53.9 16 _ 
HWR-Pu/Th 1995 1000 0 0 0 0 0 0- 53.9 16 - 
HTGR-U5(LE)/U-T 1995 1344 4017 0 4017 3.23 0 3.23 8.2 80 0.50 
‘HTGR-U5(LE)/U 1995 1344 4017 431 3586 3.23 0.12 3.11 7.2 9] 0.50 
HTGR-US(DE)/U/Th 1995 1344 3875 465 3410 3.52 0.30 3.22 6.3 104 0.54 
HTGR-U5(HE)/U/Th 1995 1344 3903 " 558 3345 3.90 0.55 3.35 8.9 74 0.67 
HTGR-U3(DE)/U/Th 1995 1344 ty) 0 0 0 0 O° 10.4 63 0.65 
HTGR-U3/Th , 1995 1344 0 0 0 0 0 0 14.0 47 0.86 
HTGR-Pu/Th 1995 1344 0 0 0 0 0 o | 3.4 196 0,62 
FBR-Pu-U/U 2001 1200 0 0 0 0 0 QO 12.7/5.1/7.17 62 si: 
FBR-Pu-U/Th 2001 1200 0 0 0 0 ) 0 12.7/4.6/6.4 62 1.34 
FBR-Pu-Th/Th 2001 1200 0 0 0 0 0 0 11.6/4.6/6.4 68 1.19 
FBR-U3-U/Th 2001 1200 0 0 0 -0 0 0 12.7/4.6/6.4 63 1,18 





7LE = low enriched; DE = denatured; NAT = natural; SEU = slightly enriched; HE = highly enriched; U5 = 235U; U3 = 233y; S = Standard LWR; EE = LWR with 
pextended discharge exposure; T = optimized for throwaway. , 

With 1% fabrication and 1% reprocessing losses; enrichment tails assay 0.2%. 

“Core/Radial Blanket/Axial Blanket. 
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Table 6.1-3. Average Fissile Mass Flows* for Various Reactors 





233y (kg/GWe-yr) 235y (kg/GWe-yr) Pu (kg/GWe-yr) Total (kg/GWe-yr) 


Reactor/Cycle Charge Discharge Net Charge Discharge Net Charge Discharge Net Charge Discharge Net 





LWR-U5(LE)/U-$ 0 0 0 736.9 213.4 523.5 0 146.8 -146.8 736.9 360.2 376.7 
LWR-U5(LE)/U-EE 0 0 0 683.3 0 683.3 0 0 0 683.3 0 683.3 
LWR-U5(DE)/U/Th 0 256.2 -256.2 1169.7 507.9 661.8 0 77.8 -77.8 1169.7 841.9 327.8 
LWR-U3(DE)/U/Th 807.0 530.4 276.6 13.5 16.8 -3.3 0 88.2 -88.2 820.5 635.4 185.1 
LWR-Pu/U : 0 0 0 173.1 91.2 82.0 700.6 472.2 228.5 873.7 563.4 310.5 
LWR-Pu/Th 0 239.0 -239.0 0 2.3 -2.3 1294.1 620.2 673.9 1294.1 861.5 432.6 
SSCR-U5(LE)/U 0 0 0 626.6 169.3 457.3 0 185.0 -185.0 626.6 354.3 272.3 
SSCR-U3(DE)/U/Th 619.9 426.2 193.7 26.8 31.2 ~4.4 0 72.9 -72.9 646.7 530.3 116.4 
SSCR-Pu/Th 0 281.2 -281.2 0 4.3 -4.3 1202.3 556.4 645.9 1202.3 841.9 360.4 
HWR-U5 (NAT )/U 0 0 0 757.4 227.8 529.6 0 290.4 ~290.4 757.4 518.2 239.2 
HWR-U5(SEU)/U 0 0 0 521.8 72.2 449.7 0 159.8 -159.8 521.8 232.0 289.9 
HWR-U5(DE)/U/Th 0 418.2 ~418,2 970.8 322.8 648.0 0 22.5 -22.5 970.8 763.5 207.3 
HWR-U3(DE)/U/Th 765.8 664.7 101.1 33.6 37.0 -3.4 0 26.9 -26.9 799.4 728.6 70.8 
HWR-Pu/U 0 0 0 369.9 67.2 302.7 156.6 177.7 -21.1 526.5 244.9 281.6 
HWR-Pu/Th 0 391.9 -391.9 0 2.8 -2.8 895.5 234.4 661.2 895.5 629.1 266.4 
HTGR-U5(LE)/U-T 0 0 0 540.1 0 540.1 0 0 0 540.1 0 540.1 
HTGR-U5(LE)/U 0 0 0 540.1 69.1 471.0 0 43.1 ~43.1 540.1 112.2 427.9 
HTGR-U5(DE)/U/Th 0 68.9 -68.9 689.0 64.8 624.2 0 27.3 -27.3 689.0 161.0 528.0 
HTGR-U5(HE)/Th 0 186.9 -186.9 512.3 73.3 439.0 0 1.0 -1.0 512.3 261.2 251.1 
HTGR-U3(DE)/U/Th 411.0 108.4 302.5 13.2 -21.0 -7.7 0 27.9 -27.9 424.2 157.3 266.9 
HTGR-U3/Th 501.5 389.0 112.5 73.8 69.9 3.9 0 0 0 575.3 458.9 116.4 
HTGR-Pu/Th 0 94.1 -94,1 0 2.9 -2.9 637.0 126.7 510.3 637.0 223.7 413.3 
FBR-Pu-U/U , 0 0 0 69.7 48.1 21.6 1253 1526 -273.3 1322.7 1574.1 -251.7 
FBR-Pu-U/Th 0 237.5 -237,5 31.8 17.8 14.0 1261 1283 -21.9 1292.8 1538.3 ~245.4 
FBR-Pu-Th/Th 0 743.2 -743.2 0 0 0 1484 853.7 630.7 1484 1596.9 -112.9 
FBR-U3-U/Th 1212.5 844.5 368.0 33.3 19.4 13.9 0 499.8 -499.8 1245.8 1363.7 -117.9 





*Lifetime average with 1% fabrication and 1% reprocessing losses. 
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6.1.3. Nuclear Policy Options 


Under the assumption that the reactor/fuel cycles listed in Tables 6.1-2 and 6.1-3 
could be deployed, a set of nuclear policy options were developed for studying the relative 
capabilities of the various reactors to produce civilian nuclear power during the period 


‘from 1980 to 2050. As was pointed out above, it was assumed that for a system to be 


adequate, it should have an installed nuclear capacity of 350 GWe by the year 2000 and a 
net increase of 15 GWe thereafter, with each plant having a 30-yr lifetime. (Note: In 
order to determine the effect of a lower growth rate, a few cases were also run for an 
installed capacity of 200 GWe in the year 2000 and 10 GWe/yr thereafter.) It was also 
assumed that reactors fueled with natural, low-enriched, slightly enriched, or denatured 
uranium could be dispersed outside the secure energy centers and those fueled with highly 
enriched uranium or with plutonium would be confined within the centers. All enrichment, 
reprocessing, and fabricating facilities would also be confined within the centers. 


The nuclear policy options fell under four major categories: (1) the throwaway/ 
stowaway option; (2) classical plutonium-uranium options; (3) denatured uranium options 
employing thermal] converters only; and’ (4) denatured uranium options employing both converters 
and breeders. The various options under these categories are described in Table 6.1-4, and 
the specific reactors utilized in each option are indicated in Table 6.1-5. Schematic repre- 
sentations of the options are presented in Figs. 6.1-1 through 6.1-4. Runs were made for 
both intermediate-cost and high-cost U30¢ supply assumptions. 


These nuclear options cannot be viewed as predictions of the future insofar as nuclear 
power is concerned; however, they can provide a logic framework by which the future implica- 
tion of current nuclear policy decisions can be understood. Suppose, for example, a group 
of nations agree to supply nuclear fuel to another group of nations providing the latter 
agree to forego reprocessing. A careful analysis of the nuclear system options outlined 
above can illustrate the logical consequences of such a decision upon the civilian nuclear 
power systems in both groups of nations. Only those nations providing the fuel would main- 
tain secure energy centers, since the nations receiving the fuel would be operating dispersed 
reactors only. (Note: The analysis presented here considers only the U.S. ore supply. A 
similar analysis for a group of nations would begin with different assumptions regarding the 
ore supply and nuclear energy demand. ) 


For the purposes of this analysis, all the nuclear system options were assumed to be 
mutually exclusive. That is, it was assumed that any option selected would be pursued to 
its ultimate end. In actuality, a nation would have the ability to change policies if con- 
sequences of the policy in effect were determined to be undesirable, However, the ability 
to successfully change a policy at a future date would be quite limited if the necessity 
of changing has not been identified and incorporated into the current program. The purpose 
of the study contained in this report was to identify the basic nuclear system options, and 
to determine the consequences of pursuing them to their ultimate end. (Note: A study of the 
consequences of changing policies at a future date - and thereby the implication of current 


programs - will be analyzed in a later study. ) 
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6.1.4. The Analytical Method 


The principal components of the analytical method used in this study are illustrated 
in Fig. 6.1-5 and are based on the following assumptions: 


(1) Given a specified demand for nuclear energy as a function of time, nuclear units 
are constructed to meet this demand consistent with the nuclear policy option under 
consideration. 


(2) As nuclear units requiring U30g are constructed, the supply of U30, is continuously 
depleted. The depletion rate is based on both the first core load and the annual reloads 
required throughout the life of the nuclear unit. The long-run marginal cost of U30, is 
assumed to be an increasing function of the cumulative amount mined. This is indicative of 
a continuous transition from higher grade to lower grade resources. 


(3) If the nuclear policy option under consideration assumes reprocessing, the fuel 
is stored after discharge until reprocessing is available. After reprocessing, the fissile 
plutonium and 233 are available for refabrication and reloading. 


(4) A nuclear unit which requires 239Pu or 233U cannot be constructed unless the 
supply of fissile material is sufficient to provide the first core load plus the reloads 
on an annual basis throughout the unit's life. 


(5) The number of nuclear units specified for operation through the 1980's is 
exogenously consistent with the current construction plans of utilities. 


(6) A nuclear plant design which differs from established technology can be intro- 
duced only at a limited maximum rate. A typical maximum introduction rate is one plant 
during the first biennium, two plants during the second biennium, four during the third, 
eight during the fourth, etc. 


(7) If the manufacturing capability to produce a particular reactor type is well 
established, the rate at which this reactor type will lose its share of the new construction 
market is limited to a specified fraction per year. A typical maximum construction market 
loss rate is 10%/yr.. This reflects the fact that some utilities will continue to. purchase 
plants of an established and reliable technology, even though a new technology may offer 
an improvement. 


The acquisition of fissile material will be the principal goal of any nation embarked 
upon a nuclear weapons program. Therefore, any analysis of a diversion-resistant civilian 
nuclear power strategy must include a detailed analysis of the nuclear fuel cycle. The 
steps in the nuclear fuel cycle which were explicitly modeled in this analysis are shown 
in Fig. 6.1-6. They include: the mining of U30g; the conversion of U30g, to UF,; the 
enrichment of the uranium by either the gaseous diffusion technique or the centrifuge 


Table 6.1-4, Nuclear Policy Options® 





Throwaway/Stowaway Option (see Fig. 6.1-1) 


Option 1: LEU (235U/238y) converters? operating on the throwaway/stowaway cycle are permitted outside the eneray centers and no reac- 
tors are operated inside the centers. Spent fuel is returned to the secure energy centers for ultimate disposal. 


Plutonium-Uranium Options (see Fig. 6.1.2) 


Option 2: LEU (235u/238U) converters are operated outside the secure energy centers and Pu/U converters and 235y(HE)Th, 233U/Th, 
and Pu/Th HTGR's are permitted inside the centers. Uranium is recycled in all reactors, and plutonium is recycled in energy-center reactors. 


Option 3: LEU (235u/238y) converters are operated outside the secure energy centers and Pu/U converters, Pu-U/U breeders, and 
235y(HE)/Th, 233u/Th, and Pu/Th HTGRs are permitted inside the centers. -Uranium is recycled’ in all the reactors, and plutonium is re- 
cycled in the energy-center reactors. 


Denatured Uranium Options with Converters Only (see Fig. 6.1-3) 


Option 4: LEU (235u/238y) converters and denatured 235y and 232U converters are operated outside the energy centers and no reactors are 
‘operated inside the centers. The fissile uranium is recycled into the converters, but the plutonium is stored inside the centers either for. . 
ultimate disposa? or for future use at an unspecified date. a 


Option 5U: LEU (235u/238U) converters and denatured 235U and 233U converters are operated outside the energy centers and Pu/Th con- 
verters are permitted inside the centers. The fissile uranium is recycled into the outside reactors and the plutonium into the inside reac- 
tors. The gos] in this case is to minimize the mount of plutoniun produced and to “transmute" all that is produced into 233U in the energy- 
center reactors. 


- Option 5T: LEU (235u/238U) converters and denatured 233y converters are operated outside the energy centers and Pu/Th converters are 
permitted inside the centers. The fissile uranium is recycled into the outside reactors and the plutonium into the inside reactors. The 
goal in this case is not to minimize the amount of plutontum produced but "tranemute" all that ta produced to 233U in the energy-center 
reactors. : 


op. 
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Denatured Uranium Options with Converters and Breeders (see Fig, 6.1-4) 


Option 6: LEU (233U/238Y) converters and denatured 235 and 233 converters are operated outside the energy centers and Pu/Th con-' 
verters and Pu-U/Th breeders (Pu-U cores, Th blankets) are permitted inside the centers. The fissile uranium is recycled into the outside 
reactors and the inside breeders and plutonium is recycled into the inside converters and breeders. With the reactors used, only a light 
"Py-to-233y" transmutation rate is realized. : 

Option 7: LEU (235U/238U) converters, denatured 235U and 233U converters, and denatured 233U breeders are operated outside the energy 
centers and Pu/Th converters and Pu-U/Th breeders (Pu-U cores, Th blankets) are permitted inside the centers. The fissile uranium is re- 
cycled into the outside reactors and the inside breeders and plutonium is recycled in the inside converters and breeders. With the reactors 
used, only a light "Pu-to-233y" tranamutation rate is realized. This case represents the first time a denatured breeder is introduced in 
the system. : 


Option 8: LEU (235u/238y) converters, denatured 235U and 233U converters, and denatured 233U breeders are operated outside the energy 
centers and Pu/Th converters and Pu-Th/Th breeders (Pu-Th cores, Th blankets) are permitted inside the centers. The fissile uranium is” 
recycled. into the outside reactors and the plutonium into the inside reactors. With the reactors used, a heavy "Pu-to-233u" transmutation 
rate is realized. Again a denatured breeder ie utilized in the system. 


“In all options except Option 1, spent fuel is returned to the secure energy centers for reprocessing. For Option 1, the spent fuel is 


returned to the center for ultimate disposal. . 
PRs that are fueled with natural or slightly enriched uranium are included fn this category. 


‘ 


Table 6,1-5. Reactors Available in Secure (S) Centers or Dispersed (D) Areas for Various Nuclear Policy Options 


Cn cn cee ae 





i Sreind Pu-U Options Opelone with Loans Options with Convento jeresders 
e Option 1 Option 2 Option 3 Option 4 Option 5U Option 57 Option 6 Option 7 Option 8 
Reactor/Cycle ESHG@ LESHG LSHGE LESHG ESHG ESHE LELSHGE LSHG LSUHG 
LWR-U5(LE)/U-S DDO OD DD OD.D 0DoOD OD DDO OD 0 DOOD D DOD OD DDoOOD DOoD OD DOOD OD 
LWR-US(LE)/U-EE Ieee ie cefnee’ cay tele, <e Si eae ee S jet tes ore Bo sas. ol oS et ae 
LWR-U5(DE)/U/Th ee as “e Ss Soe ies DD- - DDdD-- ---+- DD- - DD- - DD- - 
LWR-U3(DE)/U/Th = - se - e+ e D-- - D--- D--- o- - - D--- D-- - 
LWR-Pu/U Si Serae s $ S$ - - SS - - ose Se See Sh, ie. fe - oe - oe 
LWR-Pu/Th ~--+- eee ete eS eee es S == - S$ -+-- $ Shs S$. eons SS cei ee 
a ee ee ee | 
SSCR-U5(LE)/U - 0- - - D- - -dD-- -D-- -D-- - D- - -DdD-- -dD-- - D- +) 
SSCR-U3(DE)/U/Th - see - 2+ - eee - D- - - D- = - D- - - D- - - D- - - D- - 
SSCR-Pu/Th es es eof ee - 2 ee -- + - - S-- - S-- -~ S- - - S-- - S-- 
HWR-U5(NAT)/U - - D- -.- D0 - - -D- --D- - -D- --O0- --OD- - -D- -~- D- 
HWR-U5(SEU)/U ~ + D = - - D- - - DO - - - D- - - D- -- - - - D- - - D- - + OD - +a) 
HWR-US(DE}/U/Th ‘ee ee See -- + - - D- --OD- --- - --0- --D- -- D0 - o 
HWR-U3(DE)/U/Th - += - see - --- - - D- - - D- --o0- - - 0D - --D- - - 0D - 
HWR-Pu/U os tes - += 5S - - +S - ---- ----e - 25 - e+ - 2-2 e - --- 
HWR-Pu/Th os ee ~* =e ---- ---- --S- --S- - -S- -- 5 = - - S = 
HTGR-U5(LE)/U-T - - - 0D = --- - 2. - 2 - - - foe 7“ - - - - 2-2 - - +--+ - cot ee 
HTGR-U5(LE)/U wee ee. 2D. Seip? ch B96 De lec Dh 6 Sep ce te ph kee SP oe ee 
HTGR-U5(DE)/U/Th oe ee - 5s « - - 2s e ---0D - --0D -e - - ~-+--0D - --0D ---0 
HTGR-U5(HE)/Th - oe - + +5 - + +S -- - - - e+e ---- - 2+ = Be eh Senn are: tap a 
HTGR-U3(DE)/U/Th “2 «6 - e - ee ee --- 0D - - +0 - - - 0 - -- 0D - -- 0D -~-- 0D 
HTGR-U3/Th = +. -- +S ---S - 2 - e - eee - - +e ~ +2 See Be ce so - 
HTGR-Pu/Th beeen a eS ---S ee ee ---S ---S - + +S - - - § ---S 
FBR-Pu-U/U 2. is! se se Sse s $s § ee ee - eee - 2 ee ---- ~~ s * - eee 
FBR-Pu-U/Th - +e = ae es ---- - e+e cote ee ee sss § sss § - 2 ee 
FBR-Pu-Th/Th a we a a - +--+ ---- ---- ee ee - eee $8 SiS 
FBR-U3-U/Th oe 2S) lS Bee te ~ 2 -- ---- ---- - 2 - ---- DoDoDD DbDoDOD 


*LE = low enriched; OE = denatured; NAT = natural; SEU = slightly enriched; HE = highly enriched; U5 = 235U; U3 = 233U; $ = standard LWR; EE = LWR with 
reat discharge exposure; T = optimized for throwaway. £, S, H, and G indicate type of converter employed in option, where L = LWR, S = SSCR, 
H = HWR, and G = HTGR. . 
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Option I: In this option, LEU (235u/238y) converters* operating on the throwaway/ 
stowaway cycle are permitted outside the energy centers and no reactors are operated 
inside the centers. Spent fuel is returned to the secure energy centers for ultimate 
disposal. 


Fig. 6.1-1. Option 1: The Throwaway/Stowaway Option. 


technique; the fabrication of 235U, 233U, and 239Pu fuels; the destruction and transmutation 
of fissile and fertile isotopes occurring during power production in the reactor; the storage 
of spent fuel, and, if permitted, the reprocessing of spent fuel; the size and composition 
of fissile stockpiles as a function of time; and the amount of spent fuel or high-level 

waste which must be stored as a function of time. Thus, the amount, composition, and move- 
ment of all fissile material in the civilian nuclear power system were accurately calculated 
for each case under the nuclear policy options shown in Tables 6.1-4 and 6.1-5. 


The cost of each nuclear option and the total power cost of each nuclear unit in 
the option were also calculated; however, the total power cost of a nuclear unit did not 
determine whether it would be constructed. Generally it was constructed if (1) it was 
available in the policy under consideration, and (2) it had a lower U30g consumption 
rate than the other nuclear units available under the same policy option. This approach 
was adopted because it is possible to calculate the U30g, fissile plutonium, and 233U 
requirements of a nuclear unit with reasonable accuracy, while it is very difficult to 


*HWRs that are fueled with natural or slightly enriched uranium are included in this category. 
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Option 2: In this option, LEU (235u/238u) converters are operated outside the 
secure energy centers and Pu/U converters and 235U(HE)/Th, 233U/Th, and Pu/Th HTGRs are 
permitted inside the centers. Spent fuel is returned to the centers for reprocessing. 
Uranium is recycled in al} actors, and plutonium is recycled in energy-center reactors. 
(Note: Sketch does not f , cover Option 2G; see Table 6.1-5.) 
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Option 3: In this option, LEU (235u/238y) converters are operated outside the 
secure energy centers and Pu/U converters, Pu-U/U breeders, and 235U(HE)/Th, 233U/Th, 
and Pu/Th HTGRs are permitted inside the centers. Spent fuel is returned to the centers 
for reprocessing. Uranium is recycled in all the reactors, and plutonium is recycled 
in the energy-center reactors. (Note: Sketch does not fully cover Option 3G; see 


Table 6.1-5.) 
Fig. 6.1-2. Options 2 and 3: The Piutonium-Uranium Options. 
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Option 4: In this option, LEU (235y/238U) converters and denatured 235y and 233y 
converters are operated outside the energy centers and no reactors are operated inside 


_ the centers. Spent fuel is returned to the secure energy centers for reprocessing. The 


fissile uranium is recycled into the converters, but the plutonium is stored inside the 
center either for ultimate disposal or for future use at an unspecified date. 


Fig. 6.1-3. Options 4, 5U, and 5T: Denatured Uranium Options with Converters Only. 


calculate the capital, fabrication, and reprocessing costs for the same unit. (Note: An 
exception to this philosophy was contained in a set of cases described in Appendix D in 
which the U30g supply was assumed to be sufficiently large so as not to impose a practical 
limit on the growth of the nuclear system over the planning horizon. In this case, the 
decision to construct--or not to construct--a reactor concept was based on its total 

power cost, which of course included the cost of U30g as an increasing function of the 

total amount consumed. Thus, while the ability to conserve U30g did enter into the decision, 
it was not the single dominating factor.) 


An example of the uncertainty involved in calculating the total power cost of a 
nuclear unit in the future is: illustrated in Fig. 6.1-7. This figure was developed by 
assigning a reasonable set of uncertainties to the capital, fabrication, and reprocessing 


‘costs for a set of five reactor concepts with four fuel options for each concept. The 


actual costs and their uncertainty are discussed in detail in Appendix B. In all cases, 
the costs were assumed to be mature industry. costs during the period 2010 to 2040 with 
the price of U30g increasing from $140/1b to $180/1b during this period. The reactor 
concepts shown in the figure are the LWR, SSCR, HWR, and HTGR converters and the FBR. 
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Option 5U: In this option, LEU (235u/238U) converters and denatured 235u and 233u 
converters are operated outside the energy centers and Pu/Th converters are permitted 
inside the centers. Spent fuel is returned to the secure energy centers for reprocessing. 
The fissile uranium is recycled into the outside reactors and the plutonium ‘into the 
inside reactors. The goal in this case is to minimize the amount of plutonium produced 
and to "transmute' al] that is produced into 233U in the energy-center reactors. 
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Option 5T: In this option, LEU (235u/238y) converters and denatured 233u converters 
are operated outside the energy. centers and Pu/Th converters are permitted inside the 
centers. Spent fuel is returned to. the secure energy centers for reprocessing. The- 
fissile uranium is recycled into the outside reactors and the plutonium into the inside 
reactors. The goal in this case is not to minimize the amount of plutonium produced but 
to "transmute" all that ie produced to 233U in the energy-center reactors. 
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Option 6: In-this option, LEU (235u/238y) converters and denatured 235U and 233y 
converters are operated outside the energy centers and Pu/Th converters and Pu-U/Th 
breeders (Pu-U cores, Th blankets) are permitted inside the centers. Spent fuel is. 
returned to the secure energy centers for reprocessing.. The fissile uranium is recycled 
into the outside reactors and the inside breeders, and the plutonium is recycled into 
the inside converters and breeders. With the reactors used, only a Light "Pu-to-233y" 
tranamutation rate is realized. 
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Fig. 6.1-4. Options 6, 7, and 8: Denatured Uranium Options with Converters and Breeders. 


The fuel cycle options assumed for the converters are as follows: 


(1) Low-enriched 235y/238U fuel, reactor operating on throwaway cycle; 

(2) Low-enriched 235y/238y fuel, reprocessing -and 235y recycle permitted; 
(3) Pu/U fuel, reprocessing and Pu and 235U recycle permitted (LWRs only); 
(4) Pu/Th fuel, reprocessing and Pu and 233U recycle permitted; 


(5) Denatured 233U/238uU/Th fuel, reprocessing and 233y and Pu recycle permitted. 
For the case of the FBR, the fuel options are 


(1) Pu/U fuel in core, Th in blankets, reprocessing and Pu and 233U recycle permitted; 


(2) Pu/Th fuel in core, Th in the blankets, reprocessing and Pu and 233y recycle 
permitted. 2% 
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Option 7: In this option, LEU (235y/238y) converters, denatured 235y and 233y 
converters, and denatured 235U breeders are operated outside the energy centers and 
Pu/Th converters and Pu-U/Th breeders (Pu-U cores, Th blankets) are permitted inside 
the centers. Spent fuel is returned to the secure energy centers for reprocessing. 

The fissile uranium is recycled into the outside reactors and the inside breeders, 

and the plutonium is recycled in the inside converters and breeders. With the reactors 
used, only a Light "Pu-to-233u" transmutation rate is realized. This case represents 
the first time a denatured breeder is introduced in the system, 
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Option 8: In this option, LEU (235u/238U) converters, denatured 235y and 233y 
converters, and denatured 233u breeders are operated outside the energy centers and 
Pu/Th converters and Pu-Th/Th breeders ({Pu-Th cores, Th blankets) are permitted inside 
the centers. Spent fuel is returned to the secure energy centers for reprocessing. 
The fissile uranium Is recycled into the outside reactors and the plutonium into the 
inside reactors. With the reactors used, a heavy "Pu-to-233u" transmutation rate is 
realized. Again, a denatured breeder is utilized in the system. 
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Fig. 6.1-5. Model for Nuclear Systems Fig. 6.1-6. -Nuclear Fuel-Cycle Model. 


Assessment Study. 


As Fig. 6.1-7 illustrates, the total levelized power cost of a reactor concept insofar 
as an intercomparison of concepts is concerned is dominated by the uncertainties. In partic- 
ular, the total power costs. for those concepts possessing the greatest resource saving (the 
HWR and the FBR) exhibit the greatest uncertainties. The effect of the price of U30g is also 
significant. Figure 6.1-7 shows that the total power cost of the LWR on the throwaway cycle 
is significantly lower if the price of U30g in the year of startup is $40/1b rather than 
$140/1b. 


The levelized power costs given for each reactor system in Fig. 6.1-7 were determined 
from the sum of the discounted values of the cash flows associated with the system divided 
by the discounted electrical energy production. The cash flows considered were: (1) capital 
investment, including the return of the investment and the return on the investment; (2) 
fixed charges, such as capital replacements, nuclear liability insurance, etc.; (3) opera- 
tion and maintenance costs; (4) income taxes; and (5) fuel expenses. The first four items 
are relatively straightforward, with the relevant data given in Appendix B. The fifth 
item, however, merits some additional discussion, particularly as fuel expenses relate to 
the valuation of the bred fissile material. For these calculations the cost of bred fis- 
sile material was taken to be the "shadow price," which is the value of an additional unit 
of fissile material to the particular scenario in question. 


The shadow price calculated for the bred fissile material is directly related to the 
U30g prices at and subsequent to the valuation point in time. The value of the bred fis- 
sile material thus increases with increasing U,0, price which in turn increases as a func- 
tion of the cumulative quantity consumed. For the resource-limited scenarios, an additional 
unit of 233U or Pu will postpone the purchase of an equivalent amount of U3;0g, the delay 
having a dollar value due to the use of discounted cash flows. For those scenarios which 
are not resource-limited, an additional unit of bred fissile material permits: the elimina- 
tion of an equivalent amount of U30,. 
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TIME FRAME: 2010 TO 2040 
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Fig. 6.1-7. Total Levelized Power Cost Sensitivity to Capital, Fabrication, and 
bei Reprocessing Cost Uncertainties. 
Since the valuation of the bred fissile material is related to the cumulative U30, 
a price structure, the rate at which the U30g is consumed during a particular scenario also 
; affects the time-dependent price calculated for the bred fissile material. Rapid consump- 
tion of the resource base (i.e., a high energy demand) yields a rapidly rising shadow 


' : price. Such an effect is readily noticeable in the calculation of the power costs of 

tee! breeder reactors.since it is possible for the credit calculated for the bred material to 
| : exceed the period's charges for the reactor's inventory. Thus, the net fuel expense for 
° Lo certain systems producing highly valued fissile material can be negative, resulting in 


significant power cost differences when compared to the reactor systems operating with 

high-cost natural resources. This type of phenomenon is illustrated schematically by 

hes Fig. 6.1-8 in which the power costs of a fast breeder and of an LEU-LWR are plotted as a 
function of U30g price. The rising power cost of the LWR is directly attributable to the 

- increasing fuel expense caused by the U30g price. The declining fast reactor power cost 

let reflects the increasing value of (and hence larger credit for) the bred material when 

compared to U30,-derived fissile material. | 


bed The situation is still complicated even if one considers only the conceptually 

| simple case. of the throwaway cycle. From Fig, 6.1-9, where for simplicity the price of 
[3 U30g was assumed to be constant over the life of the plant, it appears that the LWR is 

he the least expensive reactor when the U30g price is less than $60/1b, and that the HWR 


will be less expensive than the LWR when the U30, price is greater than $160/1b. However, 
iE an examination of the uncertainties leads one again to the conclusion that they dominate 
the problem, and that conclusions based on economic arguments are tenuous at best. Thus, 
a2 the decision was made to construct or not construct a nuclear unit on the basis of its 
LT ability to extend the U30g supply rather than on its relative cost. 
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Fig. 6.1-8. Influence of U30, Prices on Total Power Costs. 
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Fig. 6.1-9. Total Power Cost of Various Reactor Systems as a Function of U30, 
Price (Constant U30, Price with Time; Once-Through Option). 
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6.2. DISCUSSION OF RESULTS FOR SELECTED 
NUCLEAR POLICY OPTIONS 


This section discusses results obtained in this study for a selected set of nuclear 
system options that typify the role of nuclear power under different nuclear policy deci- 
sions. The intent is to identify the basic issues, to determine the logical consequences — 
of decisions made in accordance with those issues, and to display the consequences in an 
illustrative manner. Detailed results for all the nuclear system options outlined in 


Section 6.1 are presented in Appendix C, 


6.2.1. The Throwaway/Stowaway Option 


The throwaway/stowaway cycle (see Fig. 6.1-1) is a conceptually simple nuclear system 
option and therefore has been selected as the reference cycle against which all other op- 


Avg. Capacity Factor = 0.67 
Tails Composition = 0.0020 
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Fig. 6.2-1. Lifetime U30g Requirements 
for Various Reactors on the Throwaway Cycle. - 


tion of the enrichment plant was assumed to be 0. 


tions are compared. In order to thorough- 
ly understand the implications of the throw- 
away cycle, the effect of several deployment 
options utilizing the various advanced con- 
verters on the throwaway cycle was analyzed 
in detail. In general, the analysis assumed 
a nuclear growth rate of 350 GWe in the year 
2000 followed by a net increase of 15 GWe/yr, 
but the consequences of a significant reduc- 
tion in the nuclear growth rate were also 
considered. In addition, the effect of both 
the high-cost and the intermediate-cost 

U30g supplies was determined. 


A summary of the 30-yr U30, requirements 
for several reactors on the throwaway cycle, 
including an LWR with a fuel system designed 
for an extended discharge exposure, is 
shown in Fig. 6.2.1. In each case, the 
average capacity factor of the reactor was 
assumed to be 0.67, and the tails composi- 
0020. As the figure indicates, all the 


reactors have lower U30g requirements than the standard LWR, the extended-discharge LWR being 
6% lower, the SSCR 16% lower, the HTGR 23% lower, and the slightly enriched HWR 39% lower. 
These U30g requirements were calculated for essentially standard designs without elaborate, 
design optimization. It is recognized that design optimization could improve the reactor 
performance characteristics; however, the goal of this analysis was not to delineate the 
ultimate role of any particular reactor concept based on current performance characteristics, 
but rather to identify the probable role of each reactor concept and the incentive for 


improving its performance characteristics. 





The potential nuclear contribution with LWRs on the throwaway cycle, both with and 
without a fuel system designed for extended exposure being included, is shown in Fig. 6.2-2 
for the high-cost U303 supply. The nuclear contribution passes through a maximum of 
approximately 420 GWe installed capacity in about 2010 and declines continuously thereafter, 
the system with the LWR-EE providing a slightly greater capacity over most of the period.* The 
cumulative capacity constructed throughout the planning horizon is approximately 600 GWe. The 
maximum installed capacity is less than the cumulative capacity because new units must be con- 
structed to replace those retired during the period. The maximum annual U30g requirement is 
72,000 ST/yr and the maximum annual enrichment requirement is 45 million SWU/yr, neither of 
which can be regarded as excessive. Thus, the principal limitation, in this case, is simply 
the size of the economic U30g supply. 


A more costly U30, supply would, of course, imply a smaller maximum installed 
capacity occurring earlier in time, while the converse would be true for a cheaper 
U30g supply. As is shown in Fig. 6.2.3, if the U3;0g supply were a factor of two larger, the 
maximum nuclear contribution would increase from approximately 420 GWe to approximately 
730 GWe and would occur at about the year 2030. If, on the other hand, the supply were a 
factor of two smaller, the maximum nuclear contribution would decrease to approximately 
250 GWe and would occur in about the year 2000. A cross-plot of the effect of the U30, supply 
on the maximum installed nuclear capacity for the LWR on the throwaway cycle is shown in 
Fig. 6.2-4. It is noted in Fig. 6.2-8 that if the U,0g supply should be as large as 6.0 


, _ million ST, the maximum annual U3,0g requirement would be 120,000 ST/yr and the maximum 


annual enrichment requirement would be 77 million SWU/yr. Given the probable limitation on 
the amount of U3;0g that could be mined and milled annually, these annual U30, requirements 


could be the limiting factor. 


The effect of adding an advanced converter (SSCR, HTGR, or HWR) to a nuclear power 
system operating on the throwaway cycle with the high-cost U30, supply is shown in 
Fig. 6.2-5. The increase in the nuclear contribution for each of the advanced converter 
options is relatively small. At most the maximum installed nuclear capacity increases by 
approximately 30 GWe and the year in which the maximum occurs by approximately three 
years. Adding the SSCR to an LWR produces a slightly greater nuclear contribution than 
adding an HTGR. This may at first appear to be a paradox since the lifetime U,0, require- 
ment for the HTGR is Jess than that for the SSCR (see Fig. 6-2.1), but the 4-yr difference 
in introduction dates is sufficient to offset the difference in U30g requirements. (The dif- 
ference is not large enough to be significant, however.) The reason that so small. an increase 
in nuclear capacity is realized by introducing the various converters is that by the time 
they dominate the nuclear system a very significant fraction of the U3;0g supply has already 
been committed to the standard LWR. This is illustrated in Fig. 6.2-6, where an HWR intro- 
duced in 1995 does not become dominant until 2010. It follows that if the U3;03 supply were 
larger with the same nuclear growth rate, or if the nuclear growth rate were smaller with the 
same U30g supply, the addition of an advanced converter would have a greater impact. This 
is illustrated in Fig. 6.2-7, for which the intermediate-cost U30, supply was assumed, and 


*Note: in general, unless a system consisting of the standard LWR alone is designated, it 1s 
the LWR system including an LWR-EE that is denoted as 1L and compared with other systems in 


later sections of this chapter. However, as pointed out here, the installed capacities of 
the two LWR systems differ only slightly. 
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Fig. 6.2-2. The Nuclear Contribution 
of LWRs on the Throwaway Cycle (High-Cost 
U30g Supply). 
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Fig. 6.2-4. The Effect of U30g Supply 
on the Maximum LWR Installed Nuclear ~ 
Capacity. 
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Fig. 6.2-6. The U30, Commitment 
versus Time for an LWR-HWR System on the 
Throwaway Cycle (High-Cost U30, Supply). 
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Fig. 6.2-3. The Effect of U30g Supply 
on the Nuclear Contribution of LWRs on the 
Throwaway Cycle. 
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Fig. 6.2-5. The Effect on the Nuclear 
Contribution of Adding Advanced Converters 
on the Throwaway Cycle (High-Cost U30, 
Supply). 
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Fig. 6.2-7. The Effect on the Nuclear 
Contribution of Adding Advanced Converters 
on the Throwaway Cycle (Intermediate-Cost 


. U30g Supply). 
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Fig. 6.2-8. The Effect on the Nuclear 
Contribution of Adding Advanced Converters 
on the Throwaway Cycle (200 GWe in 2000 
plus 10 GWe/yr Thereafter) (High-Cost U30, 
Supply). 
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Fig. 6.2-10. The Enrichment Tails 
Composition as a Function of Time for the 
Reference Case and for an Improving Tails 
Strategy. 
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Fig. 6.2-9. The Effect of Enrichment 
Tails Composition on the Nuclear Contri- 
bution with the LWR on the Throwaway Cycle 
(High-Cost U30g Supply). 
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Fig. 6.2-11. The Amounts of U30, 
Processed Through the Enrichment Plants 
as a Function of Time for the LWR on the 
Throwaway Cycle (High-Cost U30, Supply). 


in Fig. 6.2-8, for which a reduced growth rate was assumed. With the intermediate-cost 
supply, the effect of the 4-yr difference in introduction dates between the SSCR and the 
HTGR is no longer significant, and the HTGR makes the greater contribution. 
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The effect of changing the enrichment tails composition upon the nuclear contribution 
with the LWR on the throwaway cycle is shown in Fig. 6.2-9 in which the reference case with 
a constant enrichment tails composition of 0.0020 is compared with two other cases: one in 
which the enrichment tails composition decreases linearly from 0.0020 in 1980 to 0.0005 in 
2010 and remains constant thereafter; and another in which the tails composition similarly 
decreases and in addition the tails stockpile accumulated prior to 2010 is mined at a later 
date with a tails composition of 0.0005. The decreasing enrichment tails composition, shown 
in Fig. 6.2-10, is the. industry average, and hence the improving tails strategy implies low- 
ering the tails composition of the gasequs diffusion plants beginning in 1980. In addition, 
the strategy implies a continual transition toward an industry based upon an enrichment 


process capable of operating at an average tails composition of 0.0005. 
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The effect of applying the improving tails strategy to a nuclear system based on the 
throwaway cycle is to increase the maximum installed nuclear capacity by approximately 60 GWe 
and to delay the maximum by approximately five years (see Fig. 6.2-9). Mining the tails 
stockpile accumulated prior to 2010 does not significantly change the result. The reason 
that mining the past tails stockpile does not produce a significantly larger nuclear contri- 
bution is explained by Fig. 6.2-11, which shows the cumulative amount of U30g processed 
through the enrichment plants as a function of time. The amount is considerably less than 
the amount of U,0g committed at any given time, as shown in Fig. 6.2-6. It is important to 
note that the amount of U30, actually processed through the enrichment plants prior to 1990 
is relatively small, and at this time the tails composition for the improving tails strategy 
has been decreasing linearly for 10 yr. Thus, most of the U30g in the improving tails case 
is processed at lower tails compositions, and mining the past stockpile does not produce a 
significant improvement. The most dramatic effect associated with the improving tails option 
is the increase in the maximum annual enrichment requirement. As indicated in Fig. 6.2-9, 
the maximum annual U30g requirement for this option is 67,000 ST/yr, while the maximum 
annual enrichment requirement is 92 million SWU/yr. Thus, the principal limitation in this 
case would be the availability of enrichment. capacity. 


The utilization and movement of fissile material per GWe of installed capacity in 
the year 2035 for each of the converter options is shown in Fig. 6.2-12a-d, assuming the 
high-cost U30g supply. These figures represent a snapshot of the system in time and include 
the first core loadings for units starting up in the year 2036. As can be seen, the U30g con- 
sumption for Case IL in the year 2035 is approximately 142 ST U30g/GWe, with the LWRs having 
an extended discharge exposure comprising 92% of the installed capacity. When the LWRs are 
followed by SSCRs (Case 1S), the annuat U30g consumption is 135 ST U30g, with the SSCR com- 
prising 74% of the installed capacity. The fractional installed capacity of the SSCR is less 


than that of the extended-exposure LWR in Case 1L because the extended-exposure LWR is intro- 


duced in 1981 while the SSCR is not introduced until 1991. In general, the fractional installed 
capacity of a reactor concept in the year 2035 will decrease monotonically as the intro- 
duction date for the concept increases. Similarly, the fractional installed nuclear 
capacity of a reactor concept will increase monotonically as its U,0g requirement decreases. 


When the LWRs are followed by HTGRs (Gase 1G), the U30g consumption in the year 2035 
is 133 ST U30g/GWe, with the HTGR comprising 54% of the installed capacity. The annual U,0, 
consumption is lower than in Case 1S because the U30g requirement of the HTGR is less than 
that of the SSCR (see Table 6.1-2 and Fig. 6.2-1). The fractional installed capacity of the 
HTGR is less than that of the SSCR in the Case 1S -because the SSCR is introduced in 1991 
while the HTGR is not introduced until.1995, 


When HWRs follow the LWRs (Case 1H), U30g consumption in year 2035 is approximately 
106 ST U3;0g/GWe and the HWR comprises 79% of the installed capacity. The HWR in this case 
and the HTGR in Case 1G have the same introduction date, The HWR, however, has a lower 
U30g requirement and hence the total installed nuclear capacity is greater with this 
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Fig. 6.2-12 (cont. ) 
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reactor. Since this increase is due simply to the construction of additional HWRs, the 
fractional installed capacity of the HWR is increased commensurately. 


In summary, using the assumptions contained in this study, the following conclusions 
can be drawn about the behavior of a nuclear power system operating on the throwaway option: 


(1) The effect of deploying an advanced converter in 1995, under the assumption of 
350 GWe in the year 2000 and 15 GWe/yr thereafter with the high-cost U30, supply, would 
be small. — 


(2) If the U30, supply available below $160/1b should be Jarger than 3 million ST, . 
or if the nuclear growth should be smaller than assumed above, then the effect of deploying 


the advanced converter would be larger. 


(3) The effect of reducing the enrichment tails composition is somewhat larger than 


‘that of deploying an advanced converter under the assumed conditions. 


(4) The dominant variable for the nuclear power system on the throwaway cycle is 
the U30g supply; a U30g supply either twice as large or twice as small is of greater 
consequence than’any of the effects discussed above. 


6.2.2. Converter System with Plutonium Recycle 


In order to assess the option of plutonium recycle in converters it was assumed that 
a reprocessing capability would be available in 1991. (This assumption does not argue that 
the reprocessing capacity would be economically attractive or diversion-resistant, but 


Merely that it would be technologically feasible by this date.) In this option the classi- 


cal plutonium recycle was modified somewhat by rejecting converters with self-generated 
recycle in favor of converters with complete plutonium Joads. This has the advantage of 


reducing the number of reactors that must be placed in‘the energy centers and commensurate- 


ly increases the number of reactors that can be placed outside the centers. The individual 
reactor concepts and their locations are shown in Fig. 6.1-2 (Option 2). 


A comparison of the nuclear contribution of the LWR with plutonium recycle to that 
of the LWR on the throwaway cycle (Fig. 6.2-13) shows that with recycle the maximum in- 
stalled nuclear capacity is increased from approximately 420 GWe to approximately 600 GWe 
and the time at which the maximum occurs is increased from about year 2010 to about year 


2020 (high-cost U30, supply). The maximum annual U30g requirement for this case is 
67,000 ST/yr and the maximum annual enrichment requirement is 46 million SWU/yr. These 
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requirements do not differ significantly from 
those of the LWR on the throwaway cycle (see 
Fig. 6.2-2) because the nuclear growth pro- 
ee MITE RMEDIATE: COST UO SUL jection was specified to be 350 GWe in the 
shulncraaesit 7255.10 SWOH year 2000 plus 15 GWe/yr thereafter. Thus, 
iter gost U0 sureey the primary effect of reprocessing is to allow 
the nuclear system to grow beyond the 400-GWe 
Tevel even though a scarcity of U30g exists 
at costs below $160/1b. Viewed differently, 
the primary effect of reprocessing is not 
to support the construction of additional 


THE LWR WITH PLUTONIUM RECYCLE 


INSTALLED NUCLEAR CAPACITY, GWe 





Fig. 6.2-15. The Effect of U30g Supply 
on the Nuclear Contribution of the LWR with 
Plutonium Recycle (Case 2L). U30g is in plentiful supply. 


nuclear units in the earlier years when 


The installed nuclear capacity that must be located in the eneray centers as a 
function of time is shown by the lower curve in Fig. 6.2-14, the difference between the 
two curves indicating the nuclear capacity that can be made available outside the centers. 
The maximum capacity which must be located in the energy centers is approximately 260 GWe, 
while a maximum of 400 GWe can be available outside the center. For approximate ly three 
decades (from the year 2000 to the year 2030),-over 300 GWe can be available outside the 
centers. The use of plutonium ‘recycle to allow the nuclear system to grow beyond the 
400-GWe level as the U30g supply becomes scarce is vividly illustrated in Fig. 6.2-14. 
Note that the number of units loaded with plutonium increases significantly as the in- 
stalled capacity exceeds the 400- -GHle level and that they comprise an increasing fraction 
of the total installed capacity in later years. . 
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Fig. 6.2-16. Utilization and Movement of Fissile Material in a Nuclear System 


~ Consisting of LWRs Operating with Plutonium and/or Uranium Recycle (Case 2L, High- 


Cost U30g supply) (Year 2035). 


The effect of the intermediate-cost U30g supply on the LWR plutonium recycle case 
is shown in Fig. 6.2-15. With 6.0 million ST U30g below $160/1b, the maximum nuclear 
contribution would increase from approximately 600 GWe in the year 2020 to approximately 
960 GWe in the year 2045. Thus, the U30g supply is again the dominant variable. The 
maximum annual U30g requirement would be 110,000 ST/yr and the maximum annual enrichment 
requirement would be 72 million SWU/yr. These annual requirements would constitute the 
principal limitation of the system. 


The utilization and movement of fissile material per GWe of installed capacity for 
the LWR with plutonium recycle is shown in Fig. 6.2-16. Again this figure represents a 
snapshot of the system in time (in the year 2035) and includes both the first core loading 
for those reactors that are starting up and the last core discharge for those reactors that 
are shutting down. The annual U30, consumption in 2035 is 59 ST U30g/GWe, and the LWR 
utilizing plutonium comprises 54% of the installed capacity. Approximately 368 kg of 
fissile plutonium in fresh fuel per GWe of installed capacity per year must be handled 
within the energy centers for this case. (Note: Simply identifying the amount of 
fissile plutonium in fresh fuel that must be handled is not analogous to determining the 
diversion resistance of the system. While the amount of fissile plutonium being handled 
may be important, the state and location of the fissile plutonium and the procedures used 
to handle it are more important in assessing the diversion resistance of a system.) 
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In summary, a converter strategy based on LWRs with plutonium recycle could supply 
a maximum nuclear contribution of 600 GWe with a U0, supply of 3.0 million ST at below 
$160/1b. This is 180 GWe more than the maximum nuclear contribution obtained with the LWR 
on the throwaway cycle; however, it is less than the maximum nuclear contribution of 
730 GWe obtainable on the throwaway cycle with a U30g supply of 6.0 million ST at beTow 
$160/1b. Also, converter strategy based on LWRs with plutonium recycle will require that 
as much as 260 GWe be located in the energy centers. 


6.2.3. Converter System with Plutonium Throwaway 


Under Option 4 (see Fig. 6.1-3) it is assumed that the nuclear policy is to defer use 
of plutonium until some indefinite future date and to operate all converters on Jow-enriched 
or denatured uranium. The activities in the energy center are thus limited to reprocessing, 
uranium fuel fabrication, and plutonium storage. As shown in Fig. 6.2-17, with the high- 
cost U30g supply, the nuclear contribution in this case reaches a maximum of approxi- 
mately 590 GWe in about 2020, which is a significant increase over that of the (U+Pu) throwaway 
case, and, in fact, is quite comparable to the maximum nuclear capacity obtained with 
plutonium recycle. However, the reactors employed minimize the production of plutonium and 
therefore the amount ultimately thrown away. This, coupled with the fact that 233U is worth 
slightly more than 239Pu in a thermal reactor, allowed the system with plotonium throwaway to 
ultimately achieve the same nuclear contribution as the system with plutonium recycle. 


The maximum annual U30g and enrichment requirements were found to be 80,000 ST/yr and 
69 million SWU/yr. This ore requirement is 20% greater than that for the case of LWR plutonium 
recycle, and the enrichment requirement is 50% greater. The increases can be directly at~- 
tributed to the U30g and enrichment requirements of the denatured LWR loaded with 15% 235U in 
238y, As illustrated in Table 6.1-2, the lifetime U,0, and enrichment requirements of this 
reactor are 24% and 64% greater than the same requirements for the standard LWR. 


The effect of the intermediate-cost U3;0g supply for this case is shown in Fig. 
6.2-18. The maximum nuclear contribution increases from approximately 590 GWe in about 
year 2020 to approximately 980 GWe in about year 2045. Again the contribution of the 
system is comparable to that of the LWR plutonium recycle case, and again the maximum 
annual U30g and enrichment requirements, 105,000 ST/yr and 100 million SWU/yr, respec- 
tively, will represent the principal limitations of the system. 


The utilization and movement of fissile material per GWe of installed capacity for 
Case 4L in the year 2035 are shown in Fig. 6.2-19. The U30g consumption, including the 
first core loadings and last discharges, is 32 ST U30¢/GWe. The standard LWR loaded with 
approximately 3% enriched 235U comprises 5% of the installed nuclear capacity, the denatured 
LWR loaded with 15% enriched 235U comprises 39%, and the denatured LWR loaded with 11% 233U in 
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Fig. 6.2-19. Utilization and Movement of Fissile Material in a Nuclear System 
Consisting of LWRs Operating with Fissile Uranium Recycle and Plutonium Throwaway 
(Case 4L, High-Cost U,0, Supply) (Year 2035). 
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238U comprises 57%. The principal advantage associated with this option is that all nuclear 
units can be located outside the energy centers, which means that the amount of fissile plu- 
tonium in fresh fuel that must be handled in this system is zero. This advantage is not 
without cost, however; it requires the development of an industry capable of reprocessing 
significant quantities of fuel containing thorium and refabricating significant quantities 

of fuel containing 232U. In order to successfully implement this option, one must develop a 
nuclear industry in which approximately 95% of the reprocessing capacity in the year 2035 is 
capable of handling fuel containing thorium and 57% of the fabrication capacity is capable of 
handling fuel containing 232U, 


In summary, if employed judiciously, a converter strategy based on the LWR can be 
developed which can discard all fissile plutonium and still supply a maximum nuclear con- 
tribution of 590 GWe with a U30, supply of 3.0 million ST below $160/1b. This is essen- 
tially identical to that of the classical LWR plutonium recycle with the same U30g supply. 
With a U30g supply of 6.0 million ST below $160/1b, the system could supply a maximum 
nuclear contribution of 980 GWe; however, as pointed out above, considerable development 
work would be required on fuel design and fabrication. 


6.2.4. Converter System with Plutonium Production Minimized; 
Pu-to-233y "Transmutation" 


e 

An inherent disadvantage in the plutonium throwaway option discussed above is that the 
fissile plutonium produced in the system is never utilized. Therefore, it was considered de- 
sirable to analyze an option in which fissile plutonium produced in a similar system is used to 
produce 233U for the dispersed reactors. The 233U producer would be a converter with a 
plutonium-thorium core. This converter would, of course, be located in an energy center, 
while the other reactors would be located outside the center as shown in Fig. 6.1-3 
(Option 5U). It is important to note that while this option utilizes all the plutoniun pro- 
duced in the system, it minimizes the amount of plutoniwn that is produced, This requires 
the development of reactor concepts designed specifically to minimize plutonium production. 


The nuclear contribution of this option utilizing LWRs only (Case 5UL) reaches a 
maximum of approximately 700 GWe shortly before year 2030 (see Fig. 6.2-20). Thus, 
utilizing the plutonium produced in the system increases the maximum nuclear contribution 
by approximately 100 GWe over that of the option with plutonium throwaway; it also 
produces a delay in the maximum of about eight years (compare with Fig. 6.2-17). The 
maximum annual U0 and enrichment requirements for this option are 75,000 ST/yr and 65 
million SWU/yr, respectively, each being approximately 6% less than that required for 
Option 4. 


The amount of the system's installed nuclear capacity that must be located in the energy 
center is shown in Fig. 6.2-21 as a function of time. This option is distinguished by the 
fact that the maximum capacity that must be located in a secure region does not exceed 100 
GWe at any time during the planning horizon. The amount that may be located outside the 
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energy center ranges from approximately 300 GWe in the year 2000 to approximately 600 GWe 
in the year 2025. The disadvantage of this option is that the high energy support ratio 
(the amount of capacity that can be located. outside the energy center divided by the amount 
that must be located in the center) cannot be maintained indefinitely. In fact, the energy 
“support ratio decreases continuously as the end of the U30g supply is approached. 
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Fig. 6.2-22. The Effect of U30, Fig. 6.2-23. The Effect on the Nuclear 


Supply on the Nuclear Contribution of LWRs 
Operating with Plutonium Minimization and 
Utilization. 


Contribution of Adding Advanced Converters 
Operating with Plutonium Minimization and 
Utilization (High-Cost U30g Supply). 


The high energy support ratio could be maintained for a longer period of time, however, 
if the U30g supply were larger. Figure 6.2-22 shows that doubling the U,0, supply would 
increase the maximum nuclear contribution of the system from approximately 700 GWe in year 
2039 to over 1000 GWe in year 2050. Since the maximum energy support ratio occurs at about 
the same time as the maximum nuclear contribution, it can be assumed that with the increased 
Ug supply a large energy support ratio could be maintained as far into the future as year 
2050. Given the U30g supply, it would appear that the principal limitation for this option 
would be the maximum annual U30g and enrichment requirements, which are 115,000 ST/yr and 
90 million SWU/yr, respectively. 
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The effect upon the nuclear contribution of adding advanced converters with the LWRs 
is shown in Fig. 6.2-23 for the high-cost U0, supply. The HWR has the largest effect, 
increasing the nuclear contribution of the system to approximately 810 GWe in year 2035. 
The larger effect of the advanced converters in this option compared to their effect in 
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Fig. 6.2-24. Utilization and Movement of Fissile Material in an LWR Nuclear System 
Minimizing the Production and Use of Plutonium (Case 5UL, High-Cost U30g Supply) (Year 
2035). 


the throwaway option for this ore supply is primarily due to the fact that reprocessing is 
available in this case. The availability of reprocessing effectively increases the amount 
of U30g available after the advanced converters are introduced and therefore increases the 
amount of U3;0g upon which the advanced converters can employ their resource savings. 


The utilization and movement in year 2035 of fissile material per GWe of installed 
capacity for the system utilizing LWRs only (Case 5UL) is shown in Fig. 6.2-24." The. annual 
U30g consumption is approximately 36 ST U0g/GWe. The LWR transmuting plutonium to 233y 
is supplied with approximately 170 kg of fissile plutonium in fresh fuel per GWe of installed 
capacity and it comprises 13% of the installed capacity. This can be compared to the 
classical case of plutonium recycle in-which approximately 54% of the installed capacity must 


_ *The movement of fissile material in all cases is a function of time, Furthermore, it is 


affected by first-core charges and _last-core discharges (which are included in Fig. 6.2-24 
and subsequent similar figures). The fissile balance for a decaying (or growing) system 
differs significantly from that of a static system. 
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be located in energy centers and 368 kg of fissile plutonium in fresh fuel per GWe of instal]- 
ed capacity must be handled each year in those centers. ‘This is not meant to imply that a 
decrease in the amount of nuclear capacity which must be placed in secure regions is 
synonymous with an increase in diversion-resistance. Neither is it meant to imply that a 
decrease in the amount of fissile plutonium which must be handled as fresh fuel is synonymous — 
with an increase in proliferation resistance. If either of these items is desirable, however, 
this option minimizing the production and use of plutonium does offer a significant increase 
in the energy support ratio and a significant decrease in the amount of fresh-fuel plutonium 


that must be handled. 


It is important to note that the deployment of the plutonium minimization and 
utilization option. would require the development of a nuclear industry capable of reprocessing 
fuel containing thorium and refabricating fuel containing 232U. As Fig. 6.2-24 indicates, 
only one reactor providing 3% of the installed capacity in year 2035 does not utilize thorium. 
Thus, in order to successfully implement this option, 97% of the reprocessing capacity in 
year 2035 must be capable of handling fuel containing thorium, and 51% of the fabrication 
capacity must be capable of handling fuel containing 232U. 

In summary, a converter strategy based on the LWR which minimizes the amount of 
plutonium produced, but uses that which is produced, could supply a maximum nuclear con- 
tribution of 700 GWe with the high-cost U30g supply. This is approximately 100 GWe 
greater than the maximum nuclear contribution obtained in the case of plutonium throwaway . 
and fissile uranium recycle. The strategy does, however, require that approximately 
100 GWe be located in an energy center. With the intermediate-cost U30g supply, the system 
could make a maximum nuclear contribution of more than 1000 GWe. In either case, the 
development of fuel designs capable of minimizing the amount of plutonium produced and also 
the development of a nuclear industry capable of handling thorium-based fuels must be developed. 


6.2.5. Converter System with Plutonium Production Not 


Minimized; Pu-to-233U "Transmutation" 


This option differs from the preceding option “in that the dispersed reactors are not 
designed to minimize the amount of plutonium produced, Thus more plutonium is handled as 
fresh fuel and more is "transmuted" into 233y. Again a converter with a plutonium-thorium 
core is located in the energy center, and other reactors are located outside the center (see 
Fig. 6.1-3, Option 5T). - 


Figure 6.2-25 shows that the nuclear contribution for this option using LWRs only 
(Case 5TL) reaches a maximum of approximately 640 GWe shortly before year 2025. The maximum 
contribution is less than the 700-GWe maximum in the preceding case primarily because of the 
different. amounts of fissile plutonium utilized in the two systems. Since 239Pu is worth less 
in a thermal reactor than either: 235U or 233U, the system which minimizes the amount of plu- 
tonium should (and does) make a slightly larger nuclear contribution. 
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The fraction of the installed nuclear capacity which for this case must be located 


in energy centers is shown in Fig. 6.2-26 as a function of time. 


The maximum is approximately 


120 GWe, which is slightly greater than that for the previous case. The amount of nuclear 
capacity available for location outside energy centers ranges from approximately 300 GWe in 


the year 2000 to approximately 500 GWe in the year 2025. 
ment requirements are 65,000 ST/yr and 45 million SWU/yr, respectively. 


The maximum annual U30, and enrich- 


to the maximum annual requirements for the case of the LWR with classical plutonium recycle 


(see Fig. 6.2-13). 


The disadvantage of this option is that the energy support ratio decreases continu- 
ously as the end of the U30, supply fs approached. Figure 6.2-27 indicates that if a U30, 


supply of 6.0 million ST below $160/1b were available, the system would continue to grow 
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Fig. 6.2-25. The Effect on the Nuclear 
Contribution of "Transmuting" Plutonium 
Produced in LWRs to 233U (High-Cost U30, 
Supply). 
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Fig. 6.2-27. The Effect of U30, Supply 
on the Nuclear Contribution of LWRs in 
a with Plutonium "Transmutation" (Case 
5TL). 
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Fig. 6.2-26. Relative Nuclear Contri- 
butions of LWRs Located Inside (Pu/Th) and 
Outside (Denatured LWRs) Energy Centers 
(Plutonium "Transmuted" to 233U) (High-Cost 
U3;0g Supply). 
until approximately year 2050, and thus the 
high energy support ratio associated with 


this option could be maintained much longer. 


_ The maximum annual U30g and enrichment 


requirements in this case are 109,000 ST/yr 
and 77 million SWU/yr, respectively. Thus, 
again we have an option for which the 
principal limitation would be the annual 
ore and enrichment requirements. 

The utilization and movement of fissile 
material per GWe of installed capacity for 


Case 5TL in the year 2035 are shown in Fig. 6.2-28. 


The annual U30g consumption is approximately 


68 ST U,0,/GWe, and the LWR utilizing plutonium 


comprises 18% of the installed capacity. Approximately 260 kg of fissile plutonium per GWe of 


These are quite similar 
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installed capacity must be handled as fresh fuel each year within the energy centers. This 
can be compared to the classical case of plutonium recycle in which 56% of the installed 
capacity is located in the energy centers and 368 kg of fissile plutonium is handled as fresh 


_ fuel each year. Thus, using the plutonium to produce 73°U results in a significant reduction 


in the amount of installed capacity that must be located in secure regions, and it also reduces 
the amount of fissile plutonium that must .be handled as fresh fuel each year. 
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Fig. 6.2-28. Utilization and Movement of Fissile Material in an LWR Nuclear System 
"Transmuting" Plutonium to 233U (Case 5TL, High-Cost U30g Supply) (Year 2035). 


As for the preceding option, the high energy support ratio associated with this case 
requires the development of a nuclear industry capable of reprocessing significant amounts 
of fuel containing thorium and refabricating significant amounts of fuel containing 232U, 
although these amounts are considerably smaller. As Fig. 6.2-28 indicates, the LWR loaded 
with approximately 3% enriched 235U comprises 62% of the installed capacity in year 2035, 
the LWR loaded with Pu in Th’ comprises 18%, and the LWR loaded with 12% 233U in 238U comprises 
20%. . Thus approximately 34% of the reprocessing capacity must be capable of handling fuel 
containing thorium and 20% of the fabrication capacity must be capable of handling fuel con- 


taining 232u, 


In summary, a converter strategy based on the LWR which "transmutes" all] plutonium 
to 233y could supply a maximum nuclear contribution of 640 GWe with the high-cost U30, 
supply, of which about 120 GWe would be located in energy centers. While the nuclear con- 
tribution for this case is somewhat less than for the case in which the production of 
plutonium is minimized, it does not require the development of new reactor concepts and 
it will require handling smaller amounts of 233U. 
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6.2.6 Converter-Breeder System with Light Plutonium "Transmutation" 


The results presented in the preceding sections have demonstrated that nuclear 
power systems based on converter reactors will ultimately be limited by the quantity of 
economically recoverable uranium. While a larger U30g resource base will allow larger 
systems to develop, the converse is also true. Since the U30g resource base has always 
been somewhat uncertain, the deployment of fast breeder reactors has traditionally been 
considered as the method by which the consequences of this uncertainty would be minimized. 
Thus, it has historically been assumed that by deploying FBRs nuclear power systems would 
outgrow the constraints naturally imposed by the U30g resource base. 


In the option discussed here (Option 6), an FBR with a plutonium-uranium core and a 
thorium blanket is located in the energy center to produce 233U which is then used in de- 
natured converter reactors outside the center. Because a higher plutonium “transmutation" 
rate could be obtained with a plutonium-thorium core in the FBR, this option is referred 
to as having a Zight "Pu-to-233y" transmutation rate. The individual reactor concepts 
contained in this option are shown in Fig. 6.1-4. 

The nuclear contribution associated with this option when all the converters utilized 
are LWRs (Case 6L) is shown in Fig. 6.2-29. In this case, even with the high-cost Uz0, 
supply, the system is capable of maintaining a net addition rate of 15 GWe/yr throughout 
the planning horizon - i.e., from 1980 through 2050. The ability of the nuclear system 
to maintain this net addition rate is a direct consequence of the compound system doubling 
time of the FBR, which, in this case, is 13 yr. This doubling time in turn is a direct 
consequence of the FBR having a Pu-U core. 


In this option the installed nuclear capacity which must be located in energy centers 
increases as a function of time to approximately 560 GWe in year 2050 (see Fig. 6.2-30). 
The most rapid increase occurs between 2010 and 2020 as the number of FBRs on line in- 
creases significantly. The amount of nuclear capacity available for installation outside 
the centers increases from approximately 300 GWe in year 2000 to over 500 GWe in year 2050. 
Initially, the LWR loaded with approximately 3% enriched 235 is the principal reactor 
available, but as the U30, is depleted, it is replaced by the LWR loaded with 11% 233U 
in 238y, This is illustrated in Fig. 6.2-31, which also indicates that this option is 


capable of maintaining an energy support ratio greater than unity throughout the planning 
horizon. 


The maximum annual U30g and enrichment requirements for this case are 62,000 sT/yr 
and 44 million SWU/yr, respectively. These annual requirements do not differ significantly 
from those obtained with the LWR on the throwaway cycle, the reason being that in either . 
case, the goal of the nuclear power system is to maintain a net addition rate of 15 GWe/yr 
provided this increase can be sustained by the U30g supply. The maximum installed capacity 
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Fig. 6.2-29. The Nuclear Contribution — 


of an LWR-FBR System with Light Plutonium 
"Transmutation" (High-Cost U30g Supply). 
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Fig. 6.2-31. Relative Nuclear Contri- 
butions of Each Reactor Type in LWR-FBR 
System with Light Plutonium "Transmutation" 
(High-Cost U30, Supply). 
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Fig. 6.2-30. Relative Nuclear Contri- 
butions of Reactors Located Inside (Pu-Fueled) 
and Outside (Denatured LWRs) Energy Centers 
(High-Cost U30, Supply). 
for the LWR loaded with approximately 3% en- 
riched 235 in either case is approximately 
420 GWe. However, in this option, as the in- 
stalled capacity of the 235U-loaded LWRs 
decreases, the energy center FBRs produce in- 
creasing amounts of 233U for the denatured LWRs, 
and thus the total installed nuclear capacity con- 
tinues to increase at a net rate of 15 GWe/yr. 


The amount of fissile plutonium that must 
be handled in the energy centers as fresh fuel 
each year is shown in Fig, 6.2~32. Approxi- 
mately 620 kg of fissile plutonium per GWe must 
be handled in this case, as compared to approxi-~ 


mately 170 kg of fissile plutonium in fresh fuel per GWe each year for the case of plutonium 
minimization and utilization. Thus, it appears that the ability to maintain an energy support 
ratio greater than unity while simultaneously adding 15 GWe/yr will necessitate handling more 
fissile plutonium in fresh fuel in the energy centers. ; 


As pointed out ‘in previous cases, the ability to maintain a high energy support ratio 
requires the development of a nuclear industry capable of reprocessing fuel containing 
thorium and refabricating fuel containing 232U. In this option in the year 2035, the LWR 
loaded with approximately 3% enriched 235U comprises approximately 28% of the installed 
capacity, the FBR comprises 48%, and the LWR loaded with 11% 233y in 238U comprises 24%. 
Upon examining the flow of thorium and uranium metal associated with these reactors, it 


can be seen that 38% of the reprocessing capacity must be capable of handling fuel con- 
taining thorium and 27% of the fabrication industry must be capable of handling fuel 


‘containing 232uU. 
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The annual consumption of U30g in 2035 was found to be approximately 32 ST U303/GWe. 
This consumption rate will decrease continuously as the 235U-loaded LWR is replaced with the 


233y-loaded LWR, 
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Fig. 6.2-32. Utilization and Movement of Fissile Material in an LWR-FBR Nuclear 
System with a Light "Pu-to-253U" Transmutation Rate (Case 6L, High-Cost U30g Supply) 
(Year 2035). 


In summary, a strategy based on an FBR with a Pu-U core and a thorium blanket could 
supply a net addition rate of 15 GWe/yr to the year 2050 and beyond with a U30, supply of 
3 million ST below $160/1b. The installed nuclear capacity in 2050 would be 1100 GWe, 
with 560 GWe, or approximately 50% of the installed capacity, located in secure energy 
centers. Approximately 27% of the fabrication capacity must be capable of handling fuel 
containing 232y. Thus, while a nuclear system based on an FBR with a Pu-U core and a 
thorium blanket can supply 15 GWe/yr for an indefinite period of time, it simultaneously 
requires that a significant amount of nuclear capacity be located in secure regions. 





6.2.7. Converter-Breeder System with Heavy Plutonium “Transmutation" 


The preceding discussion indicates that a nuclear power system that includes an FBR 
having a Pu-U core and producing 223U in a thorium blanket can maintain an energy support 
ratio greater than unity while simultaneously adding 15 GWe/yr to the installed capacity 
throughout the planning horizon. The possibility exists, however, that a nuclear power 
system that includes. an FBR having a Pu-Th core and a thorium blanket would result in a 
heavy Pu-to-233Y transmutation rate which would maintain an energy support ratio signi- 
ficantly greater than unity over the same period of time. The principal problem associated 
with a nuclear system based on an FBR with a Pu-Th core is that the breeding ratio of the 
breeder, and hence the breeding ratio of the entire system, tends to be low. Therefore, 
the effect of adding to the system an FBR operating on denatured 233U to augment the 23%u 
production was also investigated. The individual reactor concepts. contained in this. 
system are shown in Fig. 6.1-4 (Option 8): , . 


-The nuclear contribution associated with this option (Case 8L, with denatured 
breeder) is compared to that of the LWR on the throwaway cycle for the high-cost U30, 
supply in Fig. 6.2-33. The system is capable of maintaining a net addition rate of 
15 GWe/yr throughout the planning horizon. , 


The installed nuclear capacity which for Case 8L must be located in energy centers 
is shown in Fig. 6.2-34 as a function of time. The maximum is less than 300 GWe through- 
out the planning horizon. The amount available for location outside the energy centers 
ranges from approximately 300 GWe in the year 2000 to approximately 800 GWe in the year 
2050. This can be compared to Option 6 for which the nuclear capacity that must be 
located in secure regions increases continuously to approximetely 560 GWe in 2050. Thus, 
a nuclear system containing FBRs with Pu-Th cores plus FBRs with denatured 233U cores is 
capable of maintaining a very high energy support ratio for an indefinite period of time. 
It does require, however, that reactors that are net producers of fissile material be 
located in energy centers. , 


The utilization and movement of fissile material in year 2035 for Case 8L and the | 
small U30g supply are shown in Fig. 6.2-35. The LWR loaded with approximately 3% enriched 
235 comprises approximately 13% of the installed capacity, the denatured 235y LWR comprises 
approximately 12%, the energy center FBR comprises approximately 29%, the denatured 233U LWR 
comprises 8%, and the denatured FBR comprises 38%. The denatured 235U LWR is being rapidly 
phases out of the nuclear system in year 2035, while the denatured 233U LWR is being 
rapidly phased in. This is indicated in Fig. 6.2-35 by the fact that the heavy metal dis- 
charge for the denatured 235U LWR is considerably greater than the heavy metal charge, 
while the heavy metal charge for the denatured 233 LWR is considerably greater than the 
heavy metal discharge. The former is indicative of final core discharges, while the latter 
is indicative of first core loadings. 
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CASE 8L ~ THE FBR WITH HEAVY PLUTONIUM TRANSMUTATION CASE BL - THE FBR WITH HEAVY PLUTONIUM TRANSMUTATION 


MAXIMUM ANNUAL REQUIREMENTS: 
U0, ~ 6 * 10° st/yr 
ENRICHMENT - 55 + 10° SWU/yr 


Bt - FeR WITH HEAVY PLU- 
TONIUM TRANSMUTATION 


§ 


DENATURED LWR's AND FBR's 


INSTALLED NUCLEAR CAPACITY, GWe 


3 


TL = LWR ON THE THROW- 
AWAY CYCLE 





S980 1990. 2000 2010 2020 2030 2040 2060 4 
YEAR 
Fig. 6.2-33. .The Nuclear Contributions . Fig. 6.2-34. Relative Contributions 
of an LWR-FBR System with Heavy Plutonium of Reactors Located Inside (Pu-Fueled) and 
"Transmutation" (High-Cost U30g Supply). Outside (Denatured LWRs and FBRs) Energy 


Centers (High-Cost U30g Supply). 


In this option the annual consumption of U30g is approximately 25 ST U30g in year 
2035, decreasing thereafter as the LWRs loaded with 235U are replaced by the LWRs loaded 
with 233y. Approximately 430 kg of fissile plutonium per GWe of installed capacity must 
be handled as fresh fuel each year within energy centers, somewhat less than the 620 kg 
that must be handled in Option 6. The ability to maintain a high energy support ratio 
while simultaneously adding 15 GWe/yr again requires the development of a nuclear industry 
capable of reprocessing fuel containing thorium and refabricating fuel containing 232U. 
Figure 6.2-35 shows that 65% of the reprocessing capacity in year 2025 must be capable of 
handling fuel containing thorium and that 31% of the refabrication capacity must be capable 
of handling fuel containing 232U. . 


The effect of deleting the denatured FBR from the system is shown in Figs. 6.2-36 and 
6.2-37. Figure 6.2-36 shows that without the denatured FBR the installed nuclear capacity 
reaches a maximum of approximately 840 GWe in about 2035 and declines continuously there- 
after. The reason for this, of course, is that without the denatured FBR the system has 
a net breeding ratio of less than unity. Therefore, while the system can multiply the 
fissile supply significantly, it cannot continue to grow indefinitely. The nuclear capacity 
that must be located in energy centers for the modified Case 8L is shown in Fig. 6.2-37. 
This capacity does not exceed 140 GWe throughout the planning horizon. The amount of 
capacity available for location outside the secure regions ranges from approximately 
300 GWe in the year 2000 to approximately 700 GWe in year 2035. 


In summary, a strategy based on an FBR with a Pu-Th core and a thorium blanket can 
supply a net addition rate of 15 GWe/yr to year 2050 and beyond provided a denatured breeder 
is included in the system. If the denatured breeder is not included, then the maximum 
nuclear contribution would be approximately 840 GWe. The amount of nuclear capacity that 
must be located in secure regions does not exceed 140 GWe in this case. 
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Fig. 6.2-35. Utilization and Movement of Fissile Material in an LWR-FBR Nuclear 
System iat Heavy "Pu-to-233y".. Transmutation Rate (Case 8L, High-Cost U30, Supply) 
(Year 2035 
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Fig. 6.2-36. Effect on Nuclear Contri- Fig. 6.2-37. Relative Nuclear Contri- 
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6.3, CONCLUSIONS 


The principal conclusions developed during the course of this study are summarized 
in Tables 6.3-1, 6.3-2, and 6.3.3. 


From the preceding discussion and Table 6.3-], the following conclusions are drawn 
for various nuclear systems operating on the throwaway cycle: 


(1) With a U,0g supply of 3.0 million ST below $160/1b, the maximum installed 
capacity with the standard LWR on the throwaway cycle would be approximately 420 GWe, 
and this would occur in about year 2006. 


(2) A reduction in the U;0g requirement of al] LWRs commencing operation in 198] and 
thereafter by 6% would not significantly increase the maximum installed capacity. Thus, for 
the case of the LWR on the throwaway cycle, the effort should be on improvements in U30g util- 


ization significantly greater than 6% for LWRs commencing operation after 1981 or on improve- 
ments which can be retrofitted into existing LWRs. 


Table 6.3-1. Summary of Results for Nuclear Power Systems 
Operating .on.the Throwaway/Stowaway. Cycle 





Technology Maximum Nuclear 
Development Contribution Year of Maximum 
Option Requirement (GWe) Contribution 


ce tt RF RR PE 


High-Cost U30g Supply 


Standard LWR None 420 2006 

Improved LWR LWR with extended dis- 430 2010 
charge exposure 

LWR plus advanced SSCR, HTGR, or HWR . * 450 2012* 

converter : ; 2 

LWR with improved Advanced enrichment 500 2015 

tails composition process 


Intermediate-Cost U30, Supply 


Standard LWR Successful U30g explora- —S—730 2030 
7 tion program : : 

LWR plus advanced SSCR, HTGR, or HWR; also 850 2035 

‘converter. successful U;0, exploration 

: : program 


*Depends on advanced converter concept and its introduction date. 
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Table 6.3-2. Summary of Results for Nuclear Power Systems Utilizing LWR 
Converters with and without FBRs (with Recycle) 


; ae : Maximum Nuclear Contribution 
Option Technology Development 


Year otal Fraction of GWE 
Requirement Glle in Energy Center 
High-Cost U30, Supply 
Pu recycle (2L) , Reprocessing, refabrication 2020. : 600 0.40 
Pu throwaway (4L) _ Advanced fuel design, repro- 2020 590 - 
cessing 
Pu production minimized, Advanced fue? design, repro- . 2030 ~ 700 0.15 
Pu-to-25) "transmutation" (SUL) cessing: 
Pu production not minimized, Advanced fuel design, repro- “42025 640 0.21 
Pu-to-233y "transmutation" (STL) cessing ‘ ae ; : : 
FBRs added, light Pu - Advanced fuel design, repro- >2050 >1100 .0.56* 
transmutation (6L) : cessing, FBR (w/o denat. FBR) 
FBRs added, heavy Pu Advanced fuel design, repro- . »2050- >1100 .0.27* 
transmutation: (7L) cessing, FBR (with denat. FBR) 
12035 850 0.16 
(w/o denat. FBR) 
Intermediate-Cost U3;0, Supply 
Pu recycle (2L) Reprocessing, refabrication 2045 960 , - 
Pu throwaway (4L) Advanced fuel design, repro- ~2045 980 - 
cessing ; 
Pu production minimized, Advanced fuel design, repro- >2050 >1000 - 
Pu-to-233U "transmutation" (5UL) cessing 
Pu production not minimized, Advanced fuel design, repro- ~ 2050 1020 - 
Pu-to-233y "transmutation" (STL) cessing ; 


OO 
In year 2050. ‘ ‘ 


(3) The deployment of an advanced converter beginning in 1995 will not signifi- 
cantly increase the maximum installed capacity if the U30, supply is limited to 3.0 
million ST below $160/1b. This is primarily due to the fact that a significant amount 
of the U30g supply has been committed to the standard LWR prior to the advanced converter 
attaining a large fraction of the installed capacity. If the U30g supply should be as 
large as 6.0 million ST below $160/1b, then the effect of the advanced converter is 
considerably Jarger. 


(4) An advanced enrichment process capable of economically reducing the tails compo- 
sition to 0.0005 could-have a greater effect than improvements in LWR U30¢. utilization or 


the deployment of an advanced converter. 
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Table 6,3-3. Summary of Fuel Cycle Requirements for Nuclear Power 
Systems Utilizing LWR Converters with and without FBRs 
(with Recycle; High-Cost. U0, Supply) 


Fraction of Installed Nuclear 





Capacity Permitted Outside Fraction of Reprocessing Fraction of Refabrication 
Energy Center in Capacity to Handle Th Capacity to Handle 

Option Year 2025 in Year 2035 232y in Year 2035 
Pu recycle 0.6) - 0 0 
Pu throwaway 1,00 0.95 0.57 
Pu production minimized; 0.85 0.97 0.53 
Pu-to-233U "transmutation" 
Pu production not minimized; 0.79 0.34 0.20 
Pu-to~233yu "transmutation" 
FBRs added, Tight Pu 0.56 0.38 0.27 
transmutation 
FBRs added, heavy Pu 0.76 0.65 0.31 
transmutation 





(5) The effect of an exploration program successful enough to reliably increase 
the U30g resource base to 6.0 million ST below $160/1b would be considerably greater than 
any of the above. Thus, when analyzing the throwaway option, the size of the U30, resource 
base and the uncertainty associated with it dominate the analysis. 


From the discussion in Section 6.2 and Tables 6.3-2 and 6.3-3, the following conclu- 
sions are drawn for LWR and LWR-FBR systems operating with recycle: 


(1) With the high-cost U30g supply, the effect of plutonium recycle in LWRs would 
be to increase the installed nuclear capacity to 600 GWe, and this would occur in about 
year 2020. This would require, however, that as much as 40% of the nuclear capacity be 
located in the energy centers. If the U30g3 supply should be as large as 6.0 million ST 


below $160/1b, the maximum installed nuclear capacity would be 960 GWe, and this would 
occur in about year 2045. 


(2) .If all plutonium were thrown away but fissile uranium were refabricated and 
reloaded, the maximum installed nuclear capacity could be as large as 590 GWe with the 
high-cost U30g supply. Attaining 590 GWe, however, requires the development of fuel 
designs which minimize the amount of plutonium produced. .In addition, it requires the 
development of an industry in which as much as 95% of the reprocessing capacity is devoted 
to fuel containing thorium and as much as 57% of the refabrication capacity is devoted to 
fuel containing 222U, 


(3) If the plutonium produced in the system ‘described immediately above were re- 
fabricated and reloaded, the maximum installed nuclear capacity would increase to approxi- 
mately 700 GWe, which is an increase in the maximum of approximately 110 GWe. 


(4) If all plutonium produced were transmuted to 233U but no attempt was made to 
minimize the amount of plutonium produced, the maximum installed nuclear capacity could be 
as large as 640 GWe with the high-cost U30, supply. As much as 21% of the installed 
nuclear capacity would have to be located in secure energy centers, however, and it would 
require that 34% of the reprocessing capacity be devoted to fuel containing thorium and 20% 
of the refabrication capacity be devoted to fuel containing 233uU. 


(5) If a nuclear system utilizing an FBR with a Pu-U core and a thorium blanket were 
developed, the system could maintain a net addition rate of 15 GWe/yr indefinitely. The 
installed nuclear capacity, in this case, could be as high as 1100 GWe in year 2050; however, 
56% of this capacity would have to be located in secure energy centers. Aiso, approximately 
38% of the reprocessing capacity would have to be devoted to fuel containing thorium and 27% 
of the refabrication capacity would have to be devoted to fuel containing 232y, 


(6) If a nuclear system utilizing an FBR with a Pu-Th core and a thorium blanket were 
developed, the maximum installed capacity would depend upon the performance characteristics 
of the denatured design receiving fuel from the FBR. If this design were a denatured breeder, 
the nuclear system would be capable of adding 15 GWe/yr indefinitely. If, however, the 
design were a denatured LWR, then the installed nuclear capacity would increase to approxi- 
mately 850 GWe in about year 2035 and decrease thereafter. 


In addition to the results and conclusions presented in this chapter, detailed results 
for all the nuclear policy options calculated are tabulated in Appendix C. Also, as men- 
tioned earlier, a separate analysis performed under the assumption of an unlimited U30, 
supply but with the nuclear power systems in competition with coal-fired plants is described 
in Appendix 0. 
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7.0. INTRODUCTION 


T. J. Burns 
Oak Ridge National Laboratory 


The assessment of any proposed fuel cycle must of necessity consider various topics 
that affect the feasibility and viability of the particular cycle. Moreover, an assessment 
of a particular fuel cycle must consider the relative merits of the fuel cycle compared to 
other potentially available fuel cycle options. This study of the denatured 233U fuel cycle 
has addressed various aspects of the cycle in the preceding chapters: the proliferation- 
resistant characteristics of the cycle (in Chapter 3); the impact of denatured 233U fuel on 
the performance of several types of reactors (in Chapter 4); the implementation and com- 
mercialization aspects of the denatured fuel cycle (in Chapter 5); and the economic/resource 
implications of the cycle (in Chapter 6). In each of these chapters, the assessment of the 
denatured 233U cycle was limited primarily to the specific aspect under consideration. In 
this chapter the detailed results of the assessment are summarized and integrated, and the 
potential tradeoffs possible between the various considerations are addressed. In addition, 
recommendations for further study of crucial aspects of the denatured 233U fuel cycle are 


made. 
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7.1. PROLIFERATION-RESISTANT CHARACTERISTICS OF DENATURED 233U FUEL 
C. M. Newstead 
Brookhaven National Laboratory 
“and 


T. J. Burns 
Oak Ridge National Laboratory 


- As has been stated in earlier chapters, the primary goal of the denatured fuel cycle 
is to permit the recycle of fissile fuels in dispersed reactors in a manner consistent with 
nonproliferation considerations. In. this section the proliferation-resistant character- 
istics of the denatured 23: fuel cycle that have been described in detail in Chapter 3 
are summarized, and their significance with respect to both national proliferation and 
subnational terrorism is‘noted. In.general, these characteristics derive from three 


distinguishing features of the denatured fuel cycle: (1) the intrinsic. isotopic barrier 


of the fresh denatured fuel, (2) the gamma radiation barrier associated with the 232y 
impurity present in: thorium-derived fuel, and (3) the low chemically separable fissile 
content of the spent denatured fuel. 


7.1.1. Isotopic Barrier of Fresh Fuel 


The isotopic barrier of the fresh fuel is created by the addition of the 2 %u 
denaturant to the 233y fissile fuel, its purpose being to preclude the use of the 2 33y 
directly in a nuclear weapons program. Although the thorium present in most proposed 
denatured fuels could be chemically removed, the separated uranium would have too Tow a 
fissile content for it to be directly usable in a practical nuclear device. By contrast, 
the other potential fuel cycle relying on recycled material, the Pu/U cycle, would require 
only a chemical separation to extract weapons-usable material directly from power reactor 
fuel. The isotopic barrier in, denatured fuel is not an absolute barrier, however, since 
any isotope separation (i.e., enrichment) technique can be used to circumvent it. 
Depending upon its technological resources, a nation may have or may develop separation 
facilities. On the other hand, it is unlikely that a subnational group would possess 
isotopic separation capabilities and thus the isotopic barrier inherent in denatured fuel 
would provide considerable protection against terrorist nuclear activities. 


As is pointed out in Section 3.3.4 and Appendix A, enrichment technology has made 
great strides in recent years and is presently undergoing rapid further development. Ten 
years ago the only operational enrichment facilities were based on the gaseous diffusion 
technique, a method requiring a large expenditure of energy and a large plant to be 
economic. Today the gas centrifugation technique, which requires a significantly lower 
energy consumption than the gaseous diffusion method, is available and is practical with 
small-scale plants. For example, the URENCO consortium is currently operating centri- 
fuge enrichment plants of 50 tonnes per year capacity at Capenhurst in the United 
Kingdom and at Almelo in The Netherlands. The URENCO centrifuge represents an economic 
design built by technologically advanced countries (England, The Netherlands, Germany) 
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without benefit of U.S. experience. For a military program, economics would not be an 
overriding criterion and could be sacrificed in favor.of.a more moderate level of 
technology. Moreover, the open literature contains sufficient information concerning the 
centrifuge designs to guide mechanically competent engineers with access to adequate 
facilities. Replication of an economic design would require a somewhat higher level of 
technology than prototype construction. 


The following particular points regarding the enrichment of denatured 233U fuel 
should be noted: 

(1) Because of the lower mass of 233U, separating 2350 from 238U would require only 9/25 
of the effort required to separate 235 from 238U, assuming equal feed enrichments. 

(2) Since the fast critical mass of 23% is less than that of 235U, less enrichment 
capacity would be required to produce a 23% weapon from 233y/238y feed than would 
be required to produce a 235U weapon from *35u/238y feed, again assuming equal 
enrichments of the feed material. 

(3) The higher the enrichment of the source material, the less separative work that would 
have to be done to upgrade the material to 90% enrichment. For example, enriching 
natural uranium to a 10% level consumes 90% of the separative work required to 
achieve a 90% level. It is to be noted that the enrichment of denatured 233) fuel 
is approximately 12%, whereas the enrichment of currently used LWR 235y fuel is 
around 3-4%. 


With respect to items (2) and (3), a rough comparison can be made of the feed 


requirements and the number of centrifuges that would be necessary to produce 90% enriched 
material from various fueis in one year (normalized to 1 kg of product): 


Number of Centrifuges Required 


Feed Required 0.3 kg SWU/yr 5 kg SWU/yr 
Fuel (kg) Capacity Capacity 
12% 233y 8 55 3 
20% 235y 5 50 3 
3.2% 2 35y 30 292 © 17 
Natural Uranium 178 779 46 


The above values do not consider measures to eliminate the 232U contamination and they 
assume that a reasonable tails assay will be maintained (.0.2% 235y). If a higher tails 
assay were acceptable, the number of centrifuges could be reduced but the feed material 
required would be increased. 


One year, of course, is a long time when compared to a period of weeks that would 
be needed to obtain approximately 10 kg of plutonium by chemically reprocessing two to 
three spent LWR-LEU fuel elements. It would be possible to speed up the process time for 
the centrifuge method either by increasing the individual machine capacity, by adding 
additional centrifuges, or by operating at a higher tails assay. Increasing the capacity 
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would be quite difficult and would require increasing technological sophistication; how- 
ever, adding centrifuges would require only that the same device be duplicated as many 
times as necessary. Increasing the tails assay would require more feed material. 


Finally, in considering the potential circumvention of the isotopic barrier, it is 
important to anticipate the enrichment technologies that could exist in 20 to 25 years - 
the time when the denatured fuel cycle could be deployed. Technologically advanced 
countries already have the necessary technological base to design and construct centri- 
fuges, and many presently developing countries may have acquired the technology base by 
that time. Countries with a primitive technology are unlikely to use this route, since 
even with the financial assets and technically competent personnel they would have the 
difficult task of developing the requisite support facilities. Other potential isotope 
separation techniques are under development in many countries. Laser isotope separation 
(LIS), plasma techniques, aerodynamic methods, chemical techniques, and electromagnetic 
separation methods currently show varying degrees of promise. The current status of 
these methods is discussed in Appendix A. It is impossible to predict the ultimate 
success or failure of these alternative methods, and hence the isotopic separation 
capability which might exist in 25 years is even more difficult to estimate. Current 
estimates for the U.S. development program in LIS and plasma methods suggest that it will 
be at least ten years before such methods could be operative on a working industrial 
basis, even with a highly sophisticated R&D effort. 


7.1.2. Gamma-Radiation Barrier of Fresh Fuel 


The production of 233U results in the concomitant production of a smal? but radio- 
actively significant quantity of 232U through the 232Th(n,2n) reaction [and the 23°Th(n,y) 


reaction if 23°Th is present in the thorium]. As the 232U decays through 228Th and its 


; ar 


4 


daughter products, the gamma activity of the 233y-containing fuels increases, thus providing 

a radiation barrier much more intense than is found in other fresh fuels. While chemical processing 
could be employed to remove the 232U decay products, such a procedure would provide a relatively 

low radioactivity for only 10-20 days, since further decay of the 732U present in the fuel 

would provide a new population of 22®Th and its daughters, the activity of which would con- 


tinue to increase in intensity for several years. 


The concentration of 232U in the recycle fuel is usually characterized as so many 
parts per million (ppm) of 2°2U in total uranium. Due to the threshold nature of the 
232Th(n,2n) reactio, the 232 concentration varies with the neutron spectrum of the 
reactor in which it is produced. It also varies with the amount of recycle. For 12% 
233y denatured fuel, the 232U concentration (in ppm U) ranges from 250 ppm for LWR- 
produced 233y to a maximum of 1600 ppm for certain LMFBR-derived denatured fuels (see 
Section 3.1.3). If the latter material were enriched to produce weapons-grade material, 
the 232y concentration would be approximately 8000 ppm, and thus the material would be 


highly radioactive. 
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While the radiation field would introduce complications in the manufacture of a 
weapon, particularly for a terrorist group, the resulting dose rates would not provide an 
absolute barrier (see Section 3.3.5). As mentioned above, it would be possible to clean 
up the fissile material so that it was relatively free of radiation for a period of 10 to 
20 days. Alternatively, providing shielding and remote handling would allow the radiation 
barrier to be circumvented; however, construction and/or acquisition of the shielding, 
remote handling equipment, etc., could increase the risk of detection of a covert pro- 
gram before its completion. Non-fissile material included in the weapon would also 
provide some shielding during delivery, and additional shadow shielding to protect the 
operator of the delivery vehicle and to facilitate the loading operations could be 
developed. 


In another approach, the 232U could be separated from the 233U by investing ina 
rather large cascade of over some 3000 centrifuges, possibly including 22®Th cleanup to limit 
the radiation contamination of the centrifuges. A willingness to accept certain operational 
disadvantages would permit the radiation-contaminated material to be processed in the cen- 
trifuges provided they were shielded and some provision was made for remote operation. By 
comparison, clean mixed oxide Pu/U fuel would have a much less significant radiation problem 
and the currently employed fresh LEU fuel would have essentially none at ali. 


7.1.3. Spent Fuel Fissile Content 


Spent denatured fuel contains three possible sources of fissile material: unburned 
233y; 23a which decays to 239J; and Pu produced from the 2 38u denaturant. Use of the 
uranium contained in the spent denatured fuel is subject to all the considerations out- 
lined above and would also be hindered by the fission-product contamination (and resultant 
radiation) inherent in spent reactor fuel. As was noted in Section 3.3.4, the relatively 
long half-life of 235Pa (27.4 days) could permit the production of weapons-grade material 
via chemical separation of the 223Pa; however, such a procedure would require that 
chemical separation be initiated shortly upon discharge from the reactor (while radiation 
levels are very high) to minimize the amount of 233Pa which decays to 233U while still 
contained in the 238U denaturant. Moreover, since the discharge concentration of 233Pa is 
typically 5% of that of 233U, a considerable heavy metal processing rate would be required 
to recover a significant quantity of 233Pa (and hence 235U) within the time frame avail- 
able. The plutonium concentration is comparable to that of 23 2a, but very little is lost 
by decay. Hence, the spent fuel. can be allowed to cool for some time before reprocessing. 
It would seem, therefore, that if denatured 73°U spent fuel were diverted it would be 
primarily for its plutonium content. 


Any fuel cycle utilizing 2°8U inevitably leads to some plutonium production. 
Compared to the LEU cycle and the Pu/U cycle, the denatured 233U fuel cycle reduces the 
plutonium production by (1) employing as little 238U as necessary to achieve the 
denaturing objective, and (2): replacing the displaced 238 with 232Th to enhance the 
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production of "denaturable" 23°J. The plutonium production rates for various reactors 
operating on conventional and denatured fuel cycles are discussed in Chapter 4 and 
summarized in Table 7.1-1, where the Light-Water Reactor (LWR) is represented by the 
pressurized-water reactor (PWR); the SSCR (Spectral-Shift-Controlled Reactor) is a 
modified PWR; the heavy-water reactor (HWR) is assumed to be a slightly enriched CANDU; 
the High-Temperature Gas-Cooled Reactor (HTGR) is taken to be the Fort St. Vrain plant; 
and the High-Temperature Reactor (HTR) of the Pebble-Bed Reactor (PBR) type is represented 
by the West German design. Plutonium discharge data for Fast Breeder Reactors (FBRs) 
represented by the Liquid-Metal Fast Breeder Reactor (LMFBR) are included for comparison. 


It is quite clear from Table 7.1-1 that the denatured fuel cycle for the HWR gives 
the greatest reduction in plutonium production between the regular and denatured cycles, 
The HTGR has about the same absolute plutonium production for the denatured. fuel cycle as 
the HWR and in both cases the plutonium amounts are rather smal]. The HTR-PBR is best in 
absolute minimum plutonium production, yielding only 14 kg/GWe-yr and even less in a highly 
optimized design. 


Table 7.1-1. Fissile Plutonium Discharge for Various 
Reactor and Fuel Cycle Combinations 
(Capacity Factor = 0.75) 


Fissile Pu Discharge (kg/GWe-yr) 


LEU Cycle Pu/U Cycle Denatured Cycle 








LWR 174 858 63 
SSCR 196 2 72 
HWR (CANDU) 183? : 32 
HTGR 72 - 36 
HTR-PBR 63 - 14 
LMFBR - 991 347 





pPlutonium burner. 
Slightly enriched CANDU. 


For the LWR, SSCR and HWR the percentage of the discharge plutonium that is fissile 
plutonium is approximately the same for the denatured cycle as for the LEU cycle, For 
the HTGR and PBR, the fissile plutonium percentage is only 39% for the denatured cycle 


(compared to 56% for the LEU cycle). Further, the discharge plutonium from the HTGR and PBR, 


and also from the HWR, is more diluted with other heavy material by a factor of three to 
four than that from the LWR or SSCR. Thus, more materia] must be processed in the HTGR, 


HTR, and HWR to obtain a given amount of plutonium, which provides an additional prolifera- 


tion restraint associated with spent fuel discharged from these reactors. However, the 
on-line. refueling feature of the CANDU, and also of the PBR, may be a disadvantage from a 
proliferation viewpoint since low-burnup fuel could be removed and weapons-grade plutonium 
extracted from it. On the other hand, premature discharge of low-burnup fuel from the 
reactors would incur economic penalties. 
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Viewed solely from the plutonium production viewpoint, the order of preference in terms 
of higher proliferation resistance for the various denatured reactor candidates to be employed 
at dispersed sites is as follows: HTR-PBR, HWR, HTGR, LWR, and SSCR. However, other factors 
must also be addressed in evaluating the candidate reactors, one of which is that their 
plutonium production maintains the symbiosis of a system that includes plutonium-fueled 733u 
producers in secure energy centers. This plutonium being consumed within the center as it is 
recovered from the spent fuel would limit the amount of plutonium available for possible 
diversion. While such an energy center could also be implemented for the Pu/U cycle, the 
denatured cycle would permit the dispersal of a larger fraction of the recycle-based power 
generation capability. Hence, the number and/or size of the required energy centers might 
be markedly reduced relative to the number required by the Pu/U cycle. 


7.1.4. Conclusions 


The proliferation-resistant characteristics of the denatured 233U fuel cycle derive from 
its intrinsic isotopic barrier, its gamma radiation barrier, and its relatively low content of 
chemically separable fissile material in spent fuel: 


e The isotopic denaturing of the denatured 233U cycle would provide a significant 
technical barrier (although not an absolute one) that would decrease with time 
at a rate which is country-specific. Technologically primitive countries will 
find it an imposing barrier relative to other routes. Countries that have the 
technological expertise to develop isotope separation capabilities will have the 
technology required to circumvent this barrier; however, they will also have the 


option of utilizing possible indigeneous natural uranium or low enriched 235y fuel 
as alternate feed materials. 


e The denatured 2 33U cycle imposes a significant radiation barrier due to the 2 32u 
daughter products in the fresh fuel as an inherent property of the cycle. Such 
a radiation field increases the effort required to obtain weapons-usable material 
from fresh denatured reactor fuel. ; 


e While the amount of plutonium discharged in the denatured 233U fuel cycle is 
significantly Jess than in either the Pu/U cycle or the LEU cycle, the presence 
of plutonium in the cycle (even though it is in the spent fuel) does represent 
a proliferation concern. Conversely, it also represents a resource potentially 
useful in a symbiotic power system employing denatured fuel. The concept of a 
safeguarded energy center provides a means of addressing this duality in that 
the fissile plutonium can be burned in the center to produce ‘a proliferation- 
resistant fuel. 


In summary, the denatured 233y fuel cycle offers a technical contribution to pro- 
liferation resistance. However, the fuel cycle must be supplemented with political and 
institutional arrangements also designed to discourage proliferation. 


7.2. IMPACT OF DENATURED 233U FUEL ON REACTOR PERFORMANCE AND SELECTION: 
COMPARISON WITH OTHER FUEL CYCLES 


T. J. Burns 
Oak Ridge National Laboratory 


The discussion in Chapter 4 has shown that thé impact of the denatured 233U fuel 
cycle on the performance of the various reactors considered in this study is largely due 
to differences in the nuclear properties of 233U and 232Th relative to those of 239Pu 
(and 235y) and 238U, respectively. For thermal systems, 233 is a significantly better 
fuel than either 239Pu or 235U, both in terms of energy production and in terms of the 
conversion ratio* that can be attained. For fast systems, however, the substitution of 
233y-based fuels for 239Pu-based fuels results in a somewhat poorer reactor performance, 
particularly with respect to the breeding ratio.* In this section the performance of the 
various reactors operating on the denatured 233U fuel cycle is compared with their per- 
formance on other fuel cycles. In addition, the dependence of the denatured 233U fuel 
cycle on auxiliary fuel cycles for an adequate supply of 233U is discussed. Because of this 
dependence, reactors fueled with denatured 233U must be operated in symbiosis with reactors 
that produce 233. These latter reactors, referred to as transmuters, may be either thermal 
reactors or fast reactors. The particular reactors selected for operation as transmuters and 
those chosen to operate on denatured 233U fuel will depend on several factors, two of the most 
important being the resource requirements of the individual reactors and the energy growth 
capability required of the symbiotic system. The influence of these various factors is 
pointed out in the discussion below. 


7.2.1 Thermal Reactors 


In comparing the performance of thermal reactors operating on denatured 233U fuel 
with their performance on other fuels, it is useful to distinguish between two generic 
fuel cycle types: those that do not require concurrent reprocessing (that is, once-through 
systems) and those that do. Although the denatured 233U fuel cycle cannot itself be 
employed as a once-through system, the implementation of the MEU(235)/Th once-through 
cycle is a logical first step to the implementation of the denatured 233U cycle. Thus both 
once-through and recycle scenarios are considered here for thermal reactors. 


Once-Through Systems 


Two fuel cycles of interest to this study can be implemented without concurrent reprocess- 
ing capability: the LEU cycle and the MEU(235)/Th cycle. The LEU cycle is, of course, already used 


z 
The conversion ratio and breeding ratio are both defined as the ratio of the rate at 
which fissile material is produced to the rate at which fissile material is destroyed at a 
specific point in time (for example, at the midpoint of. the equilibrium cycle). The term 
conversion ratio is applied to those reactors for which this ratio is less than 1, which 
is usually the case for thermal reactors, while the term breeding ratio is applied to 
those reactors for which this ratio is greater than 1, which is usually the case for fast 
reactors (i.e., breeders). 
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routinely in LWRs and small-scale fabrication of MEU(235)/Th fuels for LWRs might be attain- 
able within 2 - 3 years. However, it is pointed out that the once-through cycie has two 
variants - throwaway and stowaway - and in certain systems (for example, the PWR, as noted 
below), the MEU(235)/Th cycle might be economic only from a stowaway standpoint - that is,. 
only if a reprocessing capability is eventually envisioned. 


Table 7.2-1 summarizes the U,0, and separative work requirements estimated for PWRs 
HWRs, HTGRs, PBRs, and SSCRs operating as once-through systems on both the LEU and the 
MEU(235)/Th cycles. Several interesting points are evident from these data. The LEU-HWR 
requires the smallest resource commitment (as well as the smallest SWU requirement). The 
conventional PWR requires a significantly greater resource commitment and larger SWU 
requirements for the MEU/Th once-through cycle than for the LEU once-through cycle and 
hence no incentive exists for the MEU/Th cycle on PWRs if only the throwaway option is 
considered. Significantly, however, both of the gas-cooled graphite-moderated reactors, the 
HTGR and the PBR, require smaller U30g commitments for the MEU/Th once-through cycle than 
for the LEU case. Moreover, for both of these reactors, the SWU requirements for the MEU/Th 


cycle are not significantly different from those for the LEU cycle; in fact, for the PBR, 
the MEU/Th cycle is slightly less demanding than the LEU cycle. These effects are pri- 


marily due to the high burnup design of both the HTGR and the PBR. At the higher burnup 
levels of the gas-cooled reactors, most of the 233U produced in the MEU/Th cycle is burned in 
situ and contributes significantly to both the power and the conversion ratio. It is also 
interesting to note that, while not considered in Table 7.2-1, the unique design of the © 
PBR would permit recycle of the fertile elements without intervening reprocessing and thus 
would further reduce both the ore and SWU requirements for the MEU/Th cycle. [Note: The 
data given in Table 7.2-1 for PWRs considers only current commercially deployed designs. 
Studies now underway in the DOE~sponsored Nonproliferation Alternative Systems Assessment 
Program (NASAP) indicate that LWR modifications to reduce uranium requirements are feasible. 
Similarly, much of the other reactor data are subject to design refinement and uncertain- 
ties, as well as to future optimization for specific roles. ] 


Table 7.2-1. 30-Year Uranium and Separative Work Requirements for 
Once-Through LEU and MEU(235)/Th Fuel Cycles® 


Uranium Requirement Separative Work Requirement 


(ST U30¢/GWe) (MT. SWU/GHe) 
Reactor LEU MEU/Th LEU MEU/Th 
PWR 5989 8360 3555 «7595 
HHR 3563 8281 666 7521 
HTGR 4860 4515 3781 4143 
PBR aze9 484° 3891 3663” 
SSCR 5320 7920 = 3010-——s7160 





275% capacity factor; no credit for end-of-life core inventories; 
po-2% tails. 

The data presented in this table are consistent with the data submitted 
by the U.S. to INFCE (International Nuclear Fuel Cycle Evaluation) for 
the cases in which corresponding reactors are considered. 

Does not include recycle of fertile elements without intervening re- 
processing. 
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If these once-through systems are operating on. the throwaway option, the fissile 
material discharged in their spent fuel elements is deemed unusable; in fact, no value is 
assigned to the spent fuel in once-through fuel cycle accounting. Thus, in this case the 
most resource-efficient once-through fuel cycle is the one that requires the lowest fissile 
charge per unit power. If, however, a capability for reprocessing the spent fuel is 
eventually envisioned (i.e., if the throwaway option becomes a stowaway option), then the 
quantity of fissile material in the spent fuel becomes an important consideration. Esti- 
mates of the amounts of the various fissile materials discharged by each reactor type 
operating on both the LEU cycle and the MEU(235)/Th cycle are given in Table 7.2-2. 


Table 7.2.2. 30-Year Charge and Discharge Quantities 
for Once-Through Fue? Cycles® 





MT/GWe 
Fissile Discharge” Cumulative 
235y f Total Net Fissile 
Reactor. Charge 2335y = 235y Pu’ Fissile Consumption 
a ae 
LEU Cycle 
PWR 24.72 - 6.45 5.22 11.67 13.05 
HUR 17.53 - ‘1.77 5.49 7.26 10.37 
HTGR 19.49 - 3.25 2.16 5.41 14,08 
PBR 18.09 - 2.79 1.89 4.68 _ 3.41 
SSCR 22.25 - 5.46 5.88 11.34 10.91 
MEU(235)/Th Cycle 
PWR 33.83 7.80 11.52 2.13 21.45 12.38 
HWR 32.63 14.28 10.08 0.75 25.11 7.52 
HTGR 17.99 2.31 1.35 0.69 4.35 13.64 
PBR 16.55 2.73 1.17 0.42 4,32 12.23 
SSCR = ie 2 7 = é 





pat 75% capacity factor 
Estimated from equilibrium cycle. 

For the PWR and HWR, the use of the MEU/Th fuel cycle rather than the LEU fuel 
cycle results in a significant increase in the amount of fissile material contained in 
the spent fuel. It should be noted, however, that this increase is primarily the result 
of higher feed requirements (i.e., 235U commitment). In contrast, converting from the 
LEU cycle to the MEU/Th cycle does not materially affect the net consumption of the gas- 


' cooled HTGR and PBR (although it dramatically affects the types of fissile material pre- 


sent in their spent fuel). The relatively low values for the discharge quantities for the 


gas-cooled reactors is the result of two effects: a lower initial loading; and a design 
that is apparently based on higher burnup, which in turn reduces the amount of fissile 


material discharged. Finally, it is to be remembered that the resources represented by the 
spent fuel inventory are recoverable only when the spent fuel is. reprocessed, whereas the 
U30g commitment is necessary throughout the operating lifetime of the reactor. Thus, in a 
sense, the spent fuel resource must be discounted in time to order to assess the best system 
from a resource utilization basis. 


ca Fa rs 


T 


=C Se EE UES eer hf. ie: Ee) fe. Ee. Oe VE. Ee CEE rt rr. 


The isotopic composition of the spent fuel inventories is also of interest from a 
proliferation standpoint. For both the LEU and the MEU/Th once-through fuel cycles, the 
fissile uranium content of the spent fuel is denatured (diluted with 238U) and hence is 
protected by the inherent isotopic barrier. Thus the plutonium in the fuel would be the 
fissile material most subject to diversion. The use of the MEU/Th cycle in place of the 
LEU cycle sharply reduces the amount of plutonium produced (by 60-80%, depending on reactor 
type), and for both cycles the quantity of plutonium produced in the gas-cooled reactors is 
substantially less than that produced in the other reactor types. 


Recycle Systems 


If recyling of the fissile material in the thermal reactors is permitted, then 233y 
(and plutonium) produced in the MEU(235)/Th is recoverable on a schedule dictated by the 
production rate of the system. Table 7.2-3 gives estimates of the net lifetime consumption 
and production of various fissile materials for the MEU(235)/Th fuel cycle under the as- 
sumption that the capability for uranium recycle is available. (The 235U consumption tabul- 
ated does not reflect the 235U lost to the enrichment tailings.) For comparison purposes, 
the MEU(233)/Th fuel cycle estimates are also provided. The most striking aspect of 
Table 7.2-3 is the apparent 30% reduction of fissile consumption achieved with the 233U system, 
indicating the higher value of 233U as a thermal reactor fuel. In fact, the true extent of 
this effect is masked somewhat since a large fraction of the recycled fuel for the 235U makeup 
case is in fact 233U. It should also be noted that the MEU(233)/Th cycle generally results in 
a smaller net plutonium production, even though the degree of denaturing is less (i.e., the 
238y fraction of uranium charged is higher). 


Table 7.2-3. Estimated Net 30-Year Fissile Consumption and 
Production for MEU/Th Cycles with Uranium Recycle® 





MT/GWe 
With 235U Loading and Makeup -. With 233 Loading and Makeup 
Fissile Pu Fissile Pu 

Reactor 2350 Consumption Production 233 Consumption Production 
PWR 12.5 2.85 9.1 1.89 . 
HWR 4.5 0.90 3.1 0.96 
HTGR 10.4 1.13 747 1.09 
PBR - - ay - 
SSCR 8.7 2.56 5.9. 2.44 


“at 75% capacity factor. 


As has been stated earlier, the consideration of an MEU/Th cycle that utilizes 233 
makeup presumes the existence of a source of the requisite 233U. Although the 233U in the 
spent fuel elements would be recovered, the amount would be inadequate to maintain the 
system and an exogenous source must be developed. One means for generating 233U is by 
using a Pu/Th-oxide-fueled thermal reactor. Table 7.2-4 summarizes some pertinent results 
for the various ‘thermal reactors operating on the Pu/Th cycle. It should be noted that the 
HTGR case given in Table 7.2-4 is for a case in which the full core is refueled every 5 yr 
and is not.optimized for 233U production. Thus, much of the 233U bred during this period is 
consumed in providing power, and the transmutation efficiency (tons of plutonium "transmuted" 
into tons of 233U) is significantly reduced relative to the PWR and SSCR. The transmutation 
efficiency of 0.40 for the PWR and SSCR is also rather poor, however, compared to the’1.20 
value for a Pu/Th-fueled FBR (see Section 4.5). Production of 233U via plutonium-consuming 


transmuters is more suited to fast reactors. On the other hand, it is recognized that Pu/Th- 


fueled thermal reactors could provide an interim source of 233y, 


Table 7.2-4, . Net 30-Year Fissile Consymption and Production 
for Pu/Th Cycles 


MT /GWe 





Fissile Pu 233y Transmutation 
Reactor Consumption Output Efficiency 
PWR 20.7 8.16 0.394 
HWR? 19.84 11.76 0.593 
HTGR 16.5 3.03 0.184 
PBR - - - 
SSCR 23.8 9.63 . 0.405 


“at 75% capacity factor, using equilibrium cycle 
pvalues. 
From data in Table 6.1-3. 


7.2.2. Fast Reactors 


In this study fast reactors have been considered as possible candidates for two 
roles: as power reactors operating on denatured 233y fuel; and as transmuters burning 
plutonium to produce 233U. With LMFBRs used as the model, the denatured FBRs were analyzed 


for a range of 233U/U enrichments to parameterize the impact of the fuel on the reactor 


performance (see Section 4.5), and the transmuter FBRs were analyzed both for a Pu/238u 
core driving a ThO. blanket and for a Pu/Th system in which the thorium was included in 
both the core and the blanket. . 


The specified 233U/U enrichment is a crucial parameter for the denatured fast 
reactors. Increasing the allowable enrichment permits more thorium to be used in the fuel 
material and hence allows the reactors to be more self-sufficient (i.e., reduces the 
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required 233U makeup). Increasing the 233U enrichment also reduces the amount of fissile 
plutonium contained in the discharged fuel, which is obviously desirable from a safeguards 
viewpoint. However, increasing the 233U fraction also increases the vulnerability of the 
denatured fuel to isotopic enrichment, effectively forcing a compromise between proltifera-_ 
tion concerns regarding the fresh fuel versus proliferation concerns. regarding the spent fuel. 
The lowest enrichment feasible for the denatured. LMFBR systems analyzed ities in the range 

of 11-14%. Such a system would utilize U0. as fuel and would require significant amounts 

of 233 as makeup since the plutonium it produced could not be recycled into it. 


The “breeding" ratio components of certain denatured LMFBRs as a function of 233y 
enrichment are shown in Table 7.2-5. The ratio of 233y produced to put produced is very 
sensitive to the specified degree of denaturing in the range of 12-20% 233U/U. This sug- 
gests that significant performance improvements may be possible (i.e., increased 233U produc- 
tion and decreased 239Pu production) for relatively smal] increases in the denaturing 
criteria. Of course, the overall "breeding" ratio of the denatured LMFBR is significantly 
degraded below that for the reference Pu/238U cycle (see Table 4.5-1 in Chapter 4). 


Table 7.2-5. Denatured LMFBR Mid-Equilibrium Cycle 
Breeding Ratio Components* 


233y 233U "Breeding" Pu "Breeding" Overall "Breeding" 
Enrichment Component Component Ratio 
“12% 0.41 0.71 1.12 
20% 0.70 0.39 1.09 
40% 0.90 0.15 1.05 
100% 1.02 - 1.02 


*Using values from Section 4.5-1. A more recent_study [Prolifera- 
tion Resistant Large Core Design Study (PRLCDS)] indicates that 
substantial improvements in the FBR performance is possible. 


Because of the superior breeding potential of a 239Pu-fueled system relative to a 
233y-fueled system in a fast neutron spectrum, the fast reactor is ideally suited to the 
role of a plutonium-fueled transmuter. Moreover, in contrast to the thermal transmuters, 
the fast reactors result in a net overall fissile material gain.* 


Two types of FBR transmuters have been analyzed for the classical homogeneous FBR 
core configuration (a central homogeneous core surrounded by fertile blankets). In the 
first, the usual Pu/238U-fueled core was assumed with a ThO2 radial blanket (also a ThO, axial 
blanket in one case). In the second type a Pu/Th core was assumed. Table 7.2-6 summarizes 
the net production data for typical fast transmuters of each-type. The overall fissile 
gain/cycle with the Pu/238U core is significantly higher than that with the Pu/Th core, 
the result being that the "breeding" ratio is not noticeably reduced from the breeding 
ratio for the reference Pu/?3®U cycle. The production of 733U in the Pu/Th reactor is 
approximately a factor of 4 higher, but this is achieved as a result of "sacrificial" 
consumption of plutonium. Thus, these two reactor types reflect a tradeoff between 233U 


= 
As noted in Chapter 4.5, significant uncertainties are associated with the fast-neutron 


cross sections for 233y and Th. 
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and overall fissile production (i.e., potential growth rate). 


Table 7.2-6. Equilibrium Cycle Net Fissile Production for 
; Potential LMFBR Transmuters* 





‘Net Fissile 





Production 
Reactor ! f (kg/GWe -yr) 
Core Axial Blanket Radial Blanket : 
Material Material Material Pu 233y  -Fissile 
(Pu/238u)0. U0. ThOo +30 +157 +184 
‘(Pu/Th)0. Th. ThO, -493 +583 +90 





*Using values from Section 4.5-1 («75% capacity factor). A more recent 
study [Proliferation Resistant Large Core Design Study (PRLCDS)] indi- 
cates that substantial improvements in the FBR performance is. possible. 


_ In addition to the systems utilizing the classical homogeneous core configuration, 
systems utilizing a heterogeneous core configuration (i.e., interspersed fissile and 
fertile regions) were examined as a possible means of improving the performance of fast 
reactors operating on alternate fuel cycles. The substitution of different coolants 
and fuel forms (i.e., carbides and metals versus oxides) were also considered. The net 
effect of these changes is to increase the fuel volume fraction in the reactor core, 
harden the spectrum, or, in some cases, both. The advanced fast reactor concepts show 
significant improvement regarding the breeding ratio (and doubling time) relative to the 
classical design when operating on alternate fuel cycles; however, the performance of the 
alternate fuel cycles is still degraded over that of the same reactor type operating on 
the Pu/238U cycle. 


7.2.3. Symbiotic Reactor Systems 


As has been stated throughout this report, in considering denatured 233U reactor 
systems it is assumed that the denatured reactors will operate as dispersed power systems 
supported by fuel cycle services and reactor transmuters located in secure energy centers. 
When the system is in full operation no external source of fissile material is supplied; 
that is, the system is self-contained. Initially the resource base (j.e., natural uranium) 
can be used to provide a source of 235U for implementing the denatured 233 fuel cycle [via 
the MEU(235)/Th cycle}; however, a shift to plutonium-fueled transmuters will eventually be 
required. During this transition period, the system can be characterized by the rate at 
which the resource. base is consumed (see Chapter 6). In order to compare the long-term 
potential of various reactor systems under the restrictions imposed by the denatured fuel 
cycle, two system parameters have been developed: (1) the energy support ratio, defined 
as the ratio of dispersed reactor power relative to the energy center (or centralized) power, 
and (2) the inherent growth potential of the system. Since both. the growth rate and the 
energy support ratio involve fissile mass flows, they are interrelated. In order to unambig- 
uously determine both parameters, the inherent system growth rate is determined at the 
asymptotic value of the support ratio, a value which can be viewed as the "natural" operat- 
ing ratio of the system. 
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Three generic types of symbiotic reactor systems can be envisioned by considering 
various combinations of. thermal converters and fast breeders for the dispersed (D) and 
energy center (S) reactors:.. thermal(D)/thermal(S), thermal(D)/fast(S), and fast(D)/fast(S). 
In order for the generating capacity of a system to increase with time without an external | 
supply of fissile material, a net gain of fissile material (of some type) must occur. Thus, 
the growth potential of the thermal(D)/thermal(S) system is inherently negative; that is, 
the installed nuclear capacity must decay as a function of time since the overall conversion 
ratio is less than 1. The thermal(D)/fast(S) system, however, does have the potential for 
growth since the net fissile gain of the fast component can be used to offset the fissile 
loss of the thermal reactors. However, a tradeoff between the support ratio [thermal(D)/ 
fast(S)] and the growth rate clearly exists for this system, since maximizing the support 
ratio will mean that net fissile-consuming reactors will constitute the major fraction of 
the system and the growth rate will be detrimentally affected. The fast(D)/fast(S) system 
provides a great deal more flexibility in terms of the allowable energy support ratio and 
inherent growth rate. 


To illustrate the tradeoff between the growth potential and the support ratio, the 
“operating envelopes" shown in Fig. 7.2-1 have been generated using denatured PWR data 
from Section 4.1 and LMFBR transmuter data from Section 4.5.1. Each envelope represents 
the locus of permissible symtiotic parameters (growth rate, support ratio) for the system 
considered,! i.e., the permissible combinations of growth rate and support ratio for each 
specific reactor combinations. At points A, B, and C on the curves, the transmuter used is, 
respectively, the classical (Pu/U)0, reference system with a UO, radial blanket, a (Pu/U)0, 
system with a ThO. radial blanket, and a (Pu/Th)0, system with a ThO, radial blanket. At 
each point along the curves connecting points A, B, and C, the transmuter is a combination 
of the two reactors defined by the end points of each curve segment (see key in upper right- 
hand corner). Points within the envelope correspond to combinations of the three trans- 


muters in different proportions. 


The lower envelope in Fig. 7.2-la (repeated in Fig. 7.2-1b) illustrates the tradeoff 
for the denatured PWRs and LMFBR transmuters, and the upper envelope depicts the fast/fast 
analogue in which the denatured PWR is replaced by an ~12% denatured LMFBR. As indicated, 
the fast(D)/fast(S) symbiotic system provides a higher growth rate for a given energy sup- 
port ratio, and, moreover, the growth rate is always positive. The upper envelope in Fig. 
7.2-1b represents the corresponding case using 20% denatured LMFBRs. 


In all cases the fast reactor data utilized were taken from Section 4.5.1; that is, 
homogeneous LMFBR cores were assumed. The use of a heterogeneous core for the transmuter 
reactor would have the effect of displacing the curves in Fig. 7.2-1 upwards and to the 
right. The employment of an advanced converter (a high conversion ratio thermal reactor) 
would have a similar effect on the thermal/fast curve.- a 
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7.2.4. Conclusions 


Since optimization of the various reactors for the particular fuel cycle considered 


was beyond the scope of this study, the results presented above are subject to several uncer- 
tainties, Nevertheless, certain general conclusions on the impact of the various fuel 
cycles on reactor performance are believed to be valid: 


For once-through throwaway systems, the various systems studied are ranked in order 
of resource utilization as follows: the HWR on the LEU cycle; the HTGR and HTR-PBR 
on either the LEU cycle or on the MEU/Th cycle; and the SSCR and PWR on the LEU cycle. 
On the MEU/Th cycle the SSCR and PWR require more uranium than they do on the LEU 
cycle and hence do not merit further consideration for once-through operation. 


For once-through stowaway systems, in which the fissile material in the 
spent fuel is expected to be recovered at some future date, the relative 
ranking of the systems would depend on the ultimate destination of the 
fissile material. If future nuclear power systems are to be thermal 
recycle systems, then early emphasis should be placed on reactors and 
fuel cycles that have a high 233U discharge. If the future systems are 
to be fast recycle systems, then emphasis should be placed on reactors 
and fuel cycles that will provide a plutonium inventory. 


For recycle systems utilizing thermal reactors, the preferred basic 

fissile material is 233U. However, implementation of a 233U fuel cycle will 

require an exogenous source of the fissile material; therefore, it is likely 

that the MEU(235)/Th cycle would be implemented first to initiate the produc- 

tion of 233U. Both the unburned 235U and the 233U would be recycled; thus the 
system would evolve towards the MEU(233)/Th cycle, which is the denatured 235y 

cycle as defined in this study. However, it is to be emphasized that these reac- 
tors will not produce enough 233U to sustain themselves and separate 239U production 
facilities must be operated. A Pu/Th-fueled thermal reactor has been considered 

as a 233U production facility. 


For recycle systems utilizing fast reactors, the preferred basic fissile 
material is 739Pu. Using 233U as the primary fissile material or placing 
thorium in the core sharply reduces the breeding performance of fast 
reactors. However, fast reactors using plutonium fuel and thorium 
blankets would be efficient 233U production facilities. 
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| e The inherent symbiotic nature of the denatured 235y fuel cycle (i.e., dispersed 
reactors fueled with denatured 233u and supported by energy-center reactors fueled 
with Pu) mandates a tradeoff analysis of growth potential versus energy support 
ratio (ratio of power produced outside the energy center to the power produced inside 
the center), assuming no external source of fissile material. For thermal/thermal 
systems, the growth potential is negative. Fast/thermal systems would permit some of 
the net fissile gain (i.e., growth potential) of the fast reactors to be sacrificed 
for a higher energy support ratio. Fast/fast systems would provide the highest 
growth potential. Factors other than those affecting reactor performance would 
also influence the choice of reactors for the system, as has been discussed in Chapters 
§ and 6. 





. Section 7.2, Reference 
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7.3. PROSPECTS FOR IMPLEMENTATION AND COMMERCIALIZATION 
OF DENATURED 233 FUEL CYCLE 


J. C. Cleveland and T. J. Burns 
Oak Ridge National Laboratory 


Chapter 5 has discussed the reactors in which denatured 23 might be deployed, as 
well as the accompanying fuel recycle facility requirements, and has presented schedules 
of deployment that are based solely on the minimum time estimated to be required to solve 
technical problems. These schedules, which have been used in the nuclear power system 
evaluations presented in Chapter 6, were developed in discussions between Hanford Engi- 
neering Development Laboratory (HEDL), Argonne National Laboratory (ANL), Oak Ridge 
National Laboratory (ORNL), Combustion Engineering (CE), and the Department of Energy (DOE) 
specifically as a bounding case for assessing the maximum benefits that could be obtained 
by employing denatured 23% fuel. As a result, the schedules are not entirely consistent 
with those that have been developed subsequently in the Nonproliferation Alternative 
Systems Assessment Program (NASAP). While the introduction dates of the lead plants do 
not differ significantly, the NASAP scenarios predict a much slower deployment of 
commercial reactors. 


The reactor introduction dates and deployment schedules used in this study were 
based on the following assumptions: 
«10 yr to develop/commercialize new fuel design 
~14 yr to develop/commercialize modified reactor design 
~18 yr to develop/commercialize new advanced converter design 


~24 yr to develop/commercialize new breeder design 
The resulting introduction dates for the various reactors are as listed below, where the 


introduction date is defined as the date of startup of the first unit, reactor deployment 


thereafter being limited to a maximum introduction rate*! by biennium of 1, 2, 4,... reactors: 


1969 - LWRs operating on LEU fuel 

1987 - LWRs operating on "denatured 235U" fuel (i.e., MEU(235)/Th) 
1991 - LWRs operating on denatured 235U, Pu/U, and Pu/Th fuels 
1991 - SSCRs operating on LEU, denatured 233, or Pu/Th fuels 
‘1995 - HWRs operating on any of several proposed fuels 

1995 - HTGRs operating on any of several proposed fuels 

2001 - FBRs operating on Pu/U, Pu/Th, or denatured 233U fuels 


Since the above introduction dates are those estimated to be the earliest possible 
dates that technical problems could be resolved, it is clear that they cannot be achieved 
without substantial initiatives and strong financial support from the U.S. Government. 


. 
The introduction rate of any new technology is likely to be less than the maximum rate - 


noted above, since the construction market loss rate of an established technology is 
limited to 10% per year and total nuclear capacity additions cannot exceed 15 GWesyr. 
233 systems are further constrained because the number of 233U-burning plants that can 
be operated is limited by the 23°U production rate. 
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Even with government support, achieving the postulated schedules would be a difficult 
undertaking and would entail considerable risk since it would be impossible to fully 
demonstrate an alternate reactor concept before construction on the initial commercial 
size units has to begin. A minimum of six years would be required to construct a nuclear 
unit, and a minimum of three years would be required prior to construction for R&D and 
licensing approval. (It currently takes 10 to 12 yr to license and construct LWRs in 

the U.S.) At least two additional years of operation of the demonstration unit would be 
necessary to establish satisfactory reactor performance. Thus the earliest time a new 
reactor concept could be demonstrated is in the 1991-1995 period indicated, and that 
assumes that a commitment to proceed has been made by 1980. Because of design, licensing, 
and construction schedules, the first commercial units would have to be ordered well in 
advance of the operation of the initial demonstration reactor to achieve the buildup 
rates assumed in this study. In order to achieve such commitments prior to the first 
successful demonstration, government support would have to extend through the initial 
commercial units in addition to the lead plant. The new reactor cycle would also have to 
be perceived as economically advantageous to attract the postulated number of customers. 


Although several of these reactor/fuel options (e.g., Pu/Th LWRs, denatured advanced 
converters, etc.) are based on the use of recycled fissile material, it should be emphasized 
that commercial-secale reprocessing is not necessarily required on the same time scale as the 
introduction of the recycle fuel types because the demand for recycle fissile material may 
be quite modest during the initial introduction phase. In the analysis presented in 
Chapter 6, many of the new fuel types are, in fact, introduced before the associated fuel 
reprocessing is fully developed, it being assumed that pilot or prototype-plant scale 
reprocessing would be adequate to support the initial phase of deployment of fuel recycle. 
Hence, although commercial reprocessing of 233u-containing fuels is not projected until 
around the turn of the century, limited introduction of denatured 233y fuel is permitted 


‘as early as 1991. A further argument is that commercial-scale reprocessing for the 


alternate fuels would not be feasible until the backlog of spent fuel required for plant 
startup had accumulated and the number of reactors utilizing recycled fuel could assure 
continued operation of commercial-scale facilities. On the other hand, for 2 33y-containing 
spent fuel elements to be available even for pilot-plant processing, it is essential that 
early irradiation of thorium in reactors be implemented. 


In Section 7.3.1 a possible procedure for implementing and eventually commercializing 
the denatured 233U cycle is discussed. Included is a scenario which would provide for the 
early introduction of thorium fuel into current light-water reactors and allow an orderly 

progression to the utilization of denatured 2334 fuel in breeders. The major considera- 
tions in commercializing these various reactors operating on alternate fuels, and in 
particular on denatured 233U fuel, are summarized in Section 7.3.2. 
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7.3.1. Possible Procedure for Implementing and 
Commercializing the Denatured Fuel Cycle 


On the basis of the above assumptions, and the discussion in Section 5.1, it is ob- 
vious that the only reactors that could operate on denatured 233U fuel in the near term 
(by 1991) would be LWRs. Two possibilities exist for producing ?93U for LWRs prior to 
the introduction of commercial fuel reprocessing. One involves the use of “denatured 2 35y" 
fuel (i.e., MEU(235)/Th) in LWRs, thereby initiating the production of 233y. However, this 
scheme suffers from very high fissile. inventory requirements associated with full thorium 
loadings in LWRs (see Section 4.1). A second option involves the use of partial thorium 
loadings in LWRs. In this option ThO. is introduced in certain lattice locations and/or 
MEU(235)/Th fuel is used in only a fraction of the fuel rods, the remaining fuel rods 
being conventional LEU fuel rods. This scheme significantly reduces the fissile 
inventory penalty associated with full thorium loadings in LWRs and. for BWRs may offer 
operational benefits as well (see Section 4.1). Also, the partial thorium loadings would 
allow experience to be gained on the performance of thorium-based fuels while generating 
significant quantities of 233U. Either of the above options for producing 233U will 
probably require some form of government incentive since the U30g and separative work 
requirements (and associated costs) will increase with the amount of Th utilized in the 
once-through throwaway/stowaway modes in LWRs. 


Although a reprocessing capability would be required to recover the bred 233U from 
thorium fuels, such a capability would not be required for the qualification and 
demonstration of thorium-based fuel, which initially would employ 235U rather than 235U. 

As has been pointed out above, the operation of LWRs with MEU(235)/Th or with partial 
thorium loadings could be accomplished during the next decade while the development and 
demonstration of the needed fuel cycle facilities for the implementation of the denatured 
233y cycle are pursued. Initially the spent fuel could be stored in repositories in 

secure fuel storage centers which would represent a growing stockpile of 235U and plutonium. 
Additional fuel cycle service facilities, such as isotopic separation, reprocessing, fuel 
refabrication and possibly waste isolation, could be introduced into these centers as the 
need develops. As pointed out above, these could initially be pilot-plant-scale facilities 
followed by larger prototypes and then commercial-scale plants. It has been estimated 

(in Section 5.2) that commercialization of a new reprocessing technology would require 

12 to 20 yr and the conmercialization of a new refabrication technology would require 8 to 
15 yr. ; : 


With the deployment of the pilot-scale reprocessing and refabrication facilities, 
recovery of Pu and U from spent fuel and the subsequent refabrication of Pu/Th and 
denatured 233y/Th fuels could be demonstrated within the center. Pu/Th LWRs* could then 





*That is, thermal transmuters of an LWR design (see Section 4.0). As used in this report, 
a transmuter is a reactor (thermal or fast) which burns one fuel and produces another 
(specifically, a reactor that burns Pu to produce 233U from Th). 


introduced within the centers to provide an additional means for 233U production, as well 
as additional power production. Concurrently, 233U (and unburned 235U) recovered from 
MEU(235)/Th or from partial thorium loadings could be utilized in denatured 233U fueled 
LWRs introduced at dispersed sites. Later, 233U recovered from the Pu/Th fueled LWRs 
could also be utilized to fuel dispersed reactors. At this point the first phase of a 
nuclear power system that includes reactors operating both in energy centers and at dis- 
persed locations outside the centers would be in effect. During this phase, which is 
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Fig. 7.3-1. Three Phases for an 
Evolving Energy Center. 


represented in Fig. 7.3-la, the research 
and development that wil] be required to 
deploy Pu-fueled FBR transmuters with 
thorium blankets in the energy centers 
could be pursued. 


With these advance preparations 
having been made, by the time conventional 
LEU fueling in LWRs begins to phase out 
(due to increasing depletion of an eco- 
nomical resource base), the power system 


would evolve into a fast/thermal combination 


employing FBR transmuters and 233U-fueled 
converters, which by then might include 


denatured LWRs and advanced converters (SSCRs, 
HTGRs, or HWRs), depending on the reactor(s) 


selected for development (see Fig. 7.3-1b). 


Such a system could provide adequate capacity 


expansion for modest energy demand growth; 
however, if the energy demand is such that 
the fast/thermal system is inadequate, an 


all-fast system including denatured FBRs could be substituted as shown in Fig. 7.3-Ic. 
The necessity of the third phase of the energy center development is uncertain at this 
time, reflecting as it does assumptions concerning the supply of economically recoverable 


U30g and energy. demand. 


It is noted that this proposed scheme for implementing the denatured fuel cycle and 
instituting the energy center concept relies heavily on two strong technical bases: 
currently employed LWR technology, and the research and development already expended on 
LMFBRs, which includes the Purex and, to a lesser extent, the Thorex reprocessing 
technologies. While alternative fuel cycle technologies or other types of reactors will 
be involved if they can be demonstrated to have resource or economic advantages, the LWR- 
LMFBR scenario has been selected as representative of the type of activity that would be 


required. 
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7.3.2. Considerations in Commercializing Reactors Operating 
on Alternate Fuels 


Although the introduction dates cited above for commercial operation of the various 
reactors on alternate fuels are considered to be attainable, they can be realized only if 
the first steps toward commercialization are initiated in the near future under strong and 
sustained government support. Currently, there is little economic incentive for the 
private sector to proceed with such development alone. For example, while recent 
evaluations!»2 of LWRs have indicated the feasibility of using thorium-based fuels with 
current core and lattice designs, either as reload fuels for reactors already in operation 
or as both initial and reload fuels for future LWRs, the resource-savings benefit of such 
fuels relative to once-through LEU fue? cannot be realized in the absence of fuel repro- 
cessing and refabrication services. Moreover, the introduction of thorium into the core 
will require high initial uranium loadings, so that the fuel costs for the core would 
increase. Obviously, the lack of strong evidence that fuel recycle services would be 
available as soon as they were needed would discourage a transition to thorium-based fuels. 
Alternatively, such services could not be expected to be available commercially until 
utilization of thorium has been established and a market for these services exists. 

Thus commercialization of the denatured fuel cycle in LWRs, especially within the time 
frame postulated in this study, is unlikely unless major government incentives are provided. 


The government incentives could be in-the form of guarantees for investment in the 
fuel cycle services and/or subsidies for the costs associated with the additional U3;0g, and 
separative work required for thorium-based fuels or for partial thorium loadings on the 
once-through cycle. This would also encourage the development of the fuel cycle services 
by establishing widespread use of thorium-based fuels. The commercial introduction of the 
required new LWR fuel cycle services could probably be accomplished by allowing a 7-yr 
lead time for construction of demonstration reprocessing and refabrication plants and an 
additional 7 yr to construct commercial-size plants. In the meantime, fabrication of 
MEU(235)/Th fuel or fuel designs involving partial thorium loadings for LWRs could 
probably be accomplished with existing LEU facilities within 2 to 3 yr (Ref. 3) with an 
additional 5 to 7 yr required for fuel. qualification and/or demonstration. The R&D costs 
for demonstrating denatured uranium fuel in commercial reactors would be borne by the 
government. ; 


The commercial introduction in the U. S. of the advanced converter concepts (SSCRs, 
HTGRs,. and HWRs) would be more difficult today than was the past commercial introduction 
of the LWR. Although the introduction in 1958 of the first LWR, the Shippingport reactor, 
did involve government support, a relatively smal] investment was required due to its size 
(v.68 MWe). The largest base-load power plants were about 300 MWe when LWRs initially pene- 
trated the commercial market. Also, during the initial years of deployment of nuclear power, 
delays due to licensing procedures were considerably shorter, allowing plants to be construc- 
ted and brought on-line more rapidly than the current 10- to 12-yr lead time. The longer 
time causes much larger interest payments and much greater risk of licensing difficulties. 
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Prior to commercial introduction, a demonstration phase of a new advanced converter 
concept will be required, and, as has been pointed out in Chapter 5.1, it is assumed here 
that the demonstration will be on the reactor's reference cycle, which except for the 
HTGR, does not involve thorium. Utilities are unwilling to risk the large investment for 
commercial-size plants of 1000 MWe to 1300 MWe on untried concepts. With the large 
investments necessary for demonstration units, significant government support would be 
required: i.e., a demonstration program involving government construction of the initial. 
unit with government financial support of the first commercial-size plant (1000 MWe to 
1300 MWe). For commercial sales to occur, a vendor would have to market it and make the 
necessary investment to establish the manufacturing infrastructure. , 


The SSCR is expected to draw heavily on existing LWR technology, and it may even be 
feasible to operate a conventional PWR in the spectral-shift-control mode by addition of 
certain equipment. The feasibility of spectral-shift-control] has already been demonstrated 
in the Belgian VULCAIN experiment (see Section 4.2). While the possibility of retrofitting 
existing large PWRs to the SSC mode exists, for reactors going into operation after the 
Jate-1980s, designing PWRs to accept SSC control] at some later date is a more likely 
possibility. A major impediment to commercial introduction of the SSCR in the U.S. is 
likely to be the supply of D20 and government incentive would probably also be required 
in this area, as it will be for the deployment of the CANDU reactor (see below). 


The technology for HTGRs is already well under way, with a prototype reactor 
currently undergoing startup testing at Fort St. Vrain. Prior to commercial deployment, 
however, successful operation of a demonstration HTGR in the 1000-MWe to 1300-MWe range 
would be required. Initially, HTGRs could operate on the stowaway MEU(235)/Th or LEU cycle. 
Again, commercial-scale reprocessing and refabrication facilities would not be expected until 
a demonstrated market for such services is present. 


The technology for HWRs is also wel} advanced, with the CANDU reactors fueled with 
natural uranium already commercialized in Canada. I1t would be necessary, however, to 
demonstrate that the CANDU with appropriate modifications for slightly enriched fuel could 
be licensed in the U.S. and produce power at an acceptable cost. Commercialization of 
the CANDU in the U.S. would probably require government action in three areas: 


1. Transfer of technology from Canada to take advantage of CANDU reactor development 
and demonstrated performance. Alternatively, a demonstration unit designed to 
U.S. licensing standards would be required. 

2. Government financial support of a large (1000-MWe to 1300-MWe) CANDU in the U.S. 

3. Development of D0 production facilities in the U.S, on a larger scale than 
currently exists. 


CANDUs operating on thorium-based fuels could possibly be introduced simultaneously 
with the deployment in the U.S. of the CANDU reactor concept itself. Assuming Canadian 
participation, thorium-based fuel could be demonstrated in Canadian reactors prior to the 
operation of a CANDU reactor in the U.S. Furthermore, if by then the LWR thorium fuel 
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cycle services of reprocessing and refabrication had been commercially developed, the 
extension of these services to CANDU reactors could be built on the existing LWR facility 
base. Otherwise, the commercial introduction of these services could not be expected 
until some time after it becomes clear that CANDU reactors will be commercially deployed 
in the U.S. with thorium fuel, thereby indicating the existence of a market for associated 
fuel cycle services. The introduction dates postulated for the alternate fuel cycle 
CANDUs assume that requisite fuel cycle services have already been developed for thorium- 
fueled LWRs. 


As pointed out in Section 5.1, no attempt has been made here to consider the com- 
mercialization prospects of FBRs since the INFCE program (International Nuclear Fuel Cycle 
Evaluation) is currently studying the role of FBRs in nuclear power scenarios and their 
results should be available in the near future. 


In summary, it is apparent that significant barriers exist for the private sector 
either to convert LWRs to thorium-based fuels or to develop advanced reactor concepts. 
While U30g is still relatively inexpensive, the economics of alternate reactor and fuel 
cycle concepts at best show marginal savings relative to the LWR and consequently their 
development and deployment would have to be heavily subsidized by the government. In the 
longer term, as the price of uranium increases due to depletion of lower-cost uranium 
deposits, these alternate concepts could achieve superior economic performance compared 
to the LWR. The most optimistic introduction dates for advanced converters result in a 
relatively small installed capacity by the year 2000, and, as shown in Chapter 6, the 
impact of advanced converters on the cumulative U30g consumption by the year 2000 would 
be small. However, deployment of alternate reactor concepts in the time from 1995-2000 
could have significant impact on resource use in the period 2000-2025. Except for HTGRs, 
none of the alternate reactor concepts that promise improved resource utilization has 
undergone licensing review by the government. Due to these factors, conversion to the 
denatured fuel cycle and/or introduction of alternate reactor concepts on a time scale 
which can dissuade international tendencies toward conventional plutonium recycle will 
require very significant government involvement and financial incentives in the near 
future. 


7.3.3. Conclusions ° 
From the above discussion the following conclusions can be summarized: 


@ The production of 233U for the denatured ?33U fuel cycle could be initiated 
by introducing Th into the LWRs currently operating on the once-through 
cycle. However, there is an economic disincentive within the private 
sector to convert LWRs to thorium-based fuels because of the increased 
costs associated with the higher U30, and separative work requirements. 
Thus commercialization of the denatured fuel cycle is not plausible 
unless government incentives are provided. Initial production of 233U 
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for later recycle could be initiated by the mid-1980's if such incentives 
were forthcoming. Recycle of 233U on a commercial scale is not plausible 
prior to the year 2000, however. 


@ The introduction of advanced reactor concepts that would provide significant 
resource savings beyond the year 2000 will require very large government 
support for R&D, for demonstration facilities, and for lead commercial 
plants. If a rapid deployment schedule were required, additional] resources 
would have to be committed to cover the risks of early commercial plants. 


e Fuel service/energy centers whose ultimate purpose is to utilize plutonium both 
for energy production and for 233U production would progress through various | 
phases. Initially these centers would be fuel storage facilities. With. the 
introduction of reprocessing and retabrication in the center, LWRs located at 
dispersed sites would be fueled with denatured 239U. Concurrently Pu-fueled 
thermal transmuters would be deployed within the center. Ultimately, to meet 
long-term energy demands, Pu-fueled fast transmuters would be introduced 
within the centers. 


e It is desirable that a fuel recycle R&D program be initiated for denatured fuels 
at the same time a decision is made to fabricate thorium-containing fuel 
for large-scale irradiation in existing LWRs. Pilot-scale recycle facilities 
could be required within seven years after the initiation of a thorium 
irradiation program. 
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7.4. ADEQUACY OF NUCLEAR POWER SYSTEMS UTILIZING DENATURED 233U FUEL 
FOR MEETING ELECTRICAL POWER DEMANDS 
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M. R. Shay, D. R. Haffner, W. E. Black, T. M. Helm, 
R. W. Hardie, and R. P. Omberg 
Hanford Engineering Development Laboratory 


An important measure for evaluating a nuclear power system is whether it can meet 
projected power demands with the uranium resources estimated to be available at an accept- 
able cost. This section summarizes the results of analyses performed in this study to 
determine whether various nuclear power systems utilizing denatured 233U fuel could meet 


fc & 


a projected power demand of 350 GWe installed capacity by the year 2000 and a net increase 
of 15 GWe/year through the year 2049, the total capacity in the year 2050 being 1100 GWe. 
The analyses were based on a uranium supply model shown in Fig. 7.4-1 and in Table B-7 
(Appendix B), which provides both conservative and optimistic predictions of the uranium 


supply as a function of cost. 
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The power systems analyzed are described in detail in Chapter 6. They are comprised 
of LEU-LWRs operating in conjunction with LWRs on other fuel cycles or in conjunction with 
one of the three types of advanced converters (SSCR, HWR, or HTGR) considered in the study. 
In some cases, FBRs are included in the system. Since the maintenance of proliferation- 
resistant power systems was one of the primary concerns, the concept of a secure energy 
center supporting dispersed reactors was 
used, with the fuel utilized in the dis- 
persed reactors restricted to LEU (or SEU) 
and denatured fuels. A reactor operating on 

the denatured 233U fuel cycle is not self- 
#20 eee sustaining, however, and therefore it 
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requires an exogenous source of 233U. In 
INTERMEDIATE-COST U30g 
SUPPLY the power systems studied, the 233U is 
provided by MEU/Th-fueled thermal reactors 
or plutonium-fueled thermal and/or fast 
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transmuters.. These reactors, of course, 
also contribute to the power generation, 


MARGINAL COST ( $/pound) 


Because the transmuters have plutonium cores, 
however, they must: be located within the secure 
energy centers. (Note: With this restriction 


the “energy support ratio" of a nuclear 
system becomes a second important measure 


of evaluation, as is discussed in Section 
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[ . systems described here are given in Appendix 


Fig. 7.4-1. Marginal Costs for High- C, along with other detailed results from 


and Intermediate-Cost U0, Supply Curves. the analyses.) 





A nuclear power systems. evaluation such as the one performed in this study requires 
three basic components. First, the various nuclear power systems to be analyzed must be 
identified. Second, there must be an analytical model capable of modeling each system in 
sufficient detail that differences between the systems can be accurately calculated. And 
finally, a data base that contains both reactor performance data and economic data must be 
developed. Sections 7.4.] and 7.4.2 below give brief descriptions of the model and data 
base as they were applied to this evaluation. The results of the analyses for specified 
nuclear power systems are then summarized in Sections 7.4.3, 7.4.4 and 7.4.5, with the 
detailed results presented in Appendix C. 


7.4.1. The Analytical Method 


Two fundamental aspects of the model used in the analyses relate to the nuclear 
energy demand and the U30g supply, both of which have been specified above. The nuclear 
energy demand assumed in the model is consistent with the current construction plans of 
utilities through the 1980's. As more nuclear units were required, with the supply of 
low-cost U,0g progressively depleted, it was assumed that more expensive lower-grade 
uranium resources would be mined. This was modeled by assuming that the long-run marginal 
cost of U3;0g was an increasing function of the cumulative amount mined. For a particular 
nuclear policy option, the plant construction pattern was therefore governed by economics 
and/or uranium utilization. 


Two different optimizing patterns were used in the study. In the first runs 
economic competition between nuclear fuels and coal was assumed, and the plants were 
selected to minimize the levelized cost of power over time. These runs, which are pre- 
sented in Appendix D, indicated that nuclear power did not compete well at U30, prices 
above $160/1b for the assumptions used in this study. Thus for the runs of all-nuclear 
power systems, described in Chapter 6 and sunmarized here, an attempt was made to satisfy 
the demand for nuclear power with the U30g available at a price less than $160/1b U30,. 


Other considerations also affected the selection of the nuclear power plants to be 
constructed. For example, a reactor that required Pu or 233U could not be constructed 
unless the projected supply of fissile material was sufficient throughout the reactor's 
lifetime. In addition, a nuclear plant design that differed from established technology 


could be introduced only at a limited rate. Furthermore, once the manufacturing capability 


to produce a particular reactor type was well established, the maximum rate at which that 
reactor type could lose its share of the new construction market was limited to a speci- 
fied rate. 


Both the total power cost of each nuclear policy option and the total power cost 
of each reactor type available in each option were calculated. For each reactor type, the 
total power cost was calculated for four components -- capital, operation and maintenance, 
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taxes, and fuel cycle. The fuel cycle costs were, in turn, divided into seven components -- 
2333, uranium, thorium, enrichment, plutonium, fabrication, and reprocessing. 


It is to be noted that the power systems calculated were al] assumed to be U.S. 
based, the input data all being of U.S. origin. With appropriate input modifications, 
however, the model could be used for other scenarios. For example, it could be used to 
analyze the potential for the deployment of transmuters both to produce power in secure 
states and to produce 23% for export to states wishing to base their own power systems 
on thermal reactors without national reprocessing. 


'7.4.2. Data Base 


The data required by the model for each reactor type include power level, annual 
isotopic charge and discharge, annual fabrication requirements, introduction dates, etc. 
These data are presented in Tables 6.1-2 and 6.1-3 in Chapter 6. It is to be pointed out, 
however, that the data are for reactors of essentially conventional designs, and that the 
Ug requirements for the various reactor types could be reduced through design optimiza- 
tion. (Note: The effect of optimizing LWRs has been considered in a separate analysis 
and is discussed in Section 7.4.3 below.). 


The major parameters in the economic data base used for this study are capital costs, 
uranium costs, fabrication costs, spent fuel disposal costs, reprocessing costs, and money 
costs. The entire data base, which was developed in a joint effort involving government 
and industry representatives, is presented in Appendix B. 


7.4.3. Results for Price-Limited Uranium Supplies 


As noted above, the denatured nuclear power systems utilized various combinations 
of thermal converters and fast reactors. These in turn were examined under six fuel cycle 
options, which are summarized in Table 7.4-1 (Options 4-8). In addition, the same reactor 
types were examined under three reference fuel cycle options -- a throwaway/stowaway option 
(Option 1) and two. plutonium-uranium options (Options 2 and 3). Four cases were considered 
under each option, each case being distinguished by the type of converter being emphasized -- 
LWRs, SSCRs, HWRs, or HTGRs. Thus a total of 36 different nuclear power systems were 
analyzed. 


The maximum nuclear capacity and the year in which the maximum occurs for each 
nuclear system studied is shown in Table 7.4-2 for the two uranium supply assumptions (see 
Fig. 7.4-1). As stated earlier, with the intermediate-cost supply it was assumed that 6 
million ST of U30g could be recovered at costs less than $160/1b, while with the high-cost 
supply it was assumed that 3 million ST of U30g would be available. 





Table 7.4-1. Description of Fuel Cycle Options* 
Ticouadayistiusaay. Ontib {see Fig. 6.1-1): 
| Option 1. LEU converters on once-through cycle. 
Plutonium-Uranium Options (see Fig. 6.1-2): 


Option 2. Pu/U recycle option; LEU converters outside center; Pu/U converters 
inside center; HTGRs inside center operate on 235U/Th, 233U/Th, and 
Pu/Th. 


Option 3. Pu/U recycle option; LEU converters outside center; Pu/U converters 
and breeders inside center; HTGRs inside center operate on 235U/Th, 
233y/Th, and Pu/U. 


Denatured Uranium Options Using Converters Only (see Fig. 6.1-3): 


Option 4. Plutonium throwaway option; LEU and denatured 235U and 233U converters 
outside center; no reactors inside center; U only recycled. 


Option 5U. Plutonium minimization option; LEU and denatured 235U and 233U con- 
‘ verters outside center; Pu/Th converters inside center; U and Pu 
recycled. 


Option 5T. Same as SU without denatured 235U converters. 
Denatured Uranium Options Using Both Converters and Breeders (see Fig. 6.1-4): 


Option 6. Light transmutation option; LEU and denatured 235U and 233U conver- 
ters outside center; Pu/Th converters and Pu-U/Th breeders inside 
center. 


Option 7. Light transmutation option with denatured breeder; LEU converters, 
denatured 235U converters, and denatured 233 converters and breeders 
outside center; Pu/Th converters and Pu-U/Th breeders inside center. 


Option 8. Heavy transmutation option; same as Option 7 except inside breeder is 
a Pu-Th/Th breeder. 


*Four cases considered under each option, identified by letters L,; S, H, and G to denote 
type of converter employed in addition to LEU-LWRs (L = LWR, S = SSCR, H = HWR, G = HTGR). 


The effect of varying the fuel cycle system can be seen by reading across Table 7.4-2 
and the effect of changing the converter reactor option can be deduced by reading down a 
column. An installed nuclear canacity of 1100 GWe in year 2050 indicates that the projected 


energy demand is fully met by tne reactors in a given nuclear fuel cycle system. 
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and Year in Which Maximum Occurs 


(Note: A capacity of 1100 GWe in year 2049 meets demand. ) 





Maximum Installed Nuclear Capacity (GWe)/Year maximum occurs 
Converter 
Reactor ; 
Option ] 2 3 4 5U 5T 6 7 8 





—, Table 7.4-2. Maximum Nuclear Capacity of Various Nuclear Power Options 
} 

\ 

be 


With High-Cost U30, Supply 


a LWRs 433 611 1100 585 716 637 1100 1100 1087 
a (L) 2009 2021 2049 2019 2027 2021 2049 2049 2049 
ra SSCRs 440 661 1100 660 820 764 1100 1100 1084 
Lu (S) 2009 2023 2049 2023 2053 2029 2049 2049 2049 
f4 HWRs 444 630 1100 756 915 856 1100 1100 1100 
hed (H) 2011 2021 2049 2031 2041 2035 2049 2049 2049 
' HTGRs 437 818 1100 545 67] 638 1091 1100 958 
(G) 2009 2033 2049 2019 2023 2021 2049 2049 2041 
i? 
e With Intermediate-Cost U30g Supply 
a LWRs 729 968 1100 1002 1062 1012 ~=—s- 1100 1100 1097 
i: (L) 2027 2041 2049 2047 2049 2047 2049 2049 2049 
bead 
SSCRs 763 1078 1100 1084 1100 1100 1100 1100 1100 
t: 
bes (S) 2029 2049 2049 2049 2049 2049 2049 2049 2049 
‘| HWRs 852 1062 1100 — 1084 1100 1100 1100 1100 1100 
{ (H) 2035 2049 2049 2049 2049 2049 2049 2049 2049 
( | HTGRs_. 783 1100 1100 971 1065 996 ~——+1100 1100 1100 
es (G) 2031 2049 2049 2041 2049 2045 2049 2049 2049 
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Non-FBR Systems, Options 1, 2, 4, and 5 


For the high-cost U303 supply case (3 million ST U30g below $160/1b), it is evident 
that introducing advanced converters on the throwaway/stowaway fuel cycle (Option 1) has 
little effect on the maximum attainable nuclear capacity. - This is directly due to the 
introduction dates assumed for the advanced converter reactors. By the time the converters 





dominate the new capacity being built, a very significant fraction of the U30, supply has 
already been committed to the standard LWR. It follows that if the intermediate-cost U30, 

were used (6 million ST U30g3 below $160/1b), together with the same nuclear growth rate, the 
‘addition of an advanced converter would have a much larger impact. For example, in this case 
the system including HWRs has a maximum attainable installed nuclear capacity for the throwaway/ 
stowaway option that is approximately 17% greater than the installed capacity of the system 
comprised of LWRs alone, while for the high-cost supply case it is only 3% greater. 


In Option 2 converter reactors are operated on the LEU fuel cycle outside the energy 
center and Pu/U converters and 235U(HE)/Th, 235U/Th, and Pu/Th HTGRs are operated inside 
the center. As expected, the thermal recycle systems al] support nuclear power growth 
with less U30, consumption than the once-through systems of Option 1, and, in general, the 
options including advanced converter reactors (SSCRs, HWRs, and HTGRs) provide for increased 
‘maximum installed capacity relative to the LWR option for both the high-cost and the 
intermediate-cost U30g supply assumptions. The HTGR option (2G) provides for the greatest 
level of installed nuclear capacity for both U30g supplies. The resource efficiency of 
these scenarios is largely due to the fact that they include the nondenatured 233J/Th fuel 
cycle which is used only by HTGRs in this study. 


Option 4 utilizes only denatured 235u and 233U fuels and LEU fuel, all outside the 
energy center, and none of the plutonium produced is recycled. Here it is interesting to 
observe that for both uranium supply assumptions the HWR converter option (4H) has installed 
capacity levels that are greater than or equal to those of any other converter reactor 
option, while the HTGR option (4G) has the lowest installed capacities. It appears that 
the HTGRs used in this study do not operate efficiently on denatured fuel cycles relative 
to the other converters available (see also Options 5UG and 5TG). This can be partially 
attributed to the fact that the reactors used in these evaluations were not optimized for 


the roles in which they were employed, and for the HTGR this has a greater impact than for 
the other reactor types. 


Option 5 uses denatured and LEU-fueled reactors outside the center and Pu/Th-fueled 
converters within the center. This option is divided into two suboptions: Option 5U, in 
which both denatured 235 and denatured 23% units are used; and Option 51, -in which the 
denatured 235U units are excluded. In both cases, 235) is produced in the Pu/Th converters. 
In these cases the HWR options produce the greatest maximum installed nuclear capacity 
with the high-cost ore supply, and both the HWR options and SSCR options meet the power 
demand with the intermediate-cost ore supply. Again, the HTGRs do not appear to operate as 


efficiently as the other converters for the reasons cited above. 


'In summary, non-FBR power systems using denatured fuel but discarding plutonium 
require about the same amount of U30g as thermal systems on the classical Pu/U cycle and 
offer potential nuclear growth rates that are roughly the same. If the plutonium is re- 
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cycled in Pu/Th converters, the systems have potential nuclear growth rates that exceed 
those of analogous reactors operating on the Pu/U fuel cycle. If the intermediate-cost 
U30g supply assumption proves to be correct, advanced converters in the recycle mode can 
satisfy the postulated nuclear energy demand through year 2050 at competitive costs. 
This analysis therefore indicates that, at least under optimistic resource conditions, 
advanced converters using denatured fuels can defer the need for commercial use of an 
"inexhaustible" energy source (such as FBRs) beyond the year 2050. 


FBR Systems, Options 3, 6, 7, and 8 


Table 7.4-2 shows that almost all of the nuclear system options using FBR fuel 
cycles (Options 3, 6, 7, and 8) are able to meet the projected nuclear energy demand 
without mining U30g costing more than $160/1b. The only exception is Option 8 for the 
case of the high-cost ore supply, and even this option, which includes the Pu-Th/Th 
breeder and the denatured 233U breeder, would satisfy the demand if slightly improved FBR 
reactor design parameters were used. Thus, as was expected, this analysis indicates that 
FBR-containing systems will potentially support much larger nuclear capacities than 
thermal recycle systems and/or wil] require less mining. The Th-containing FBR cycles 
supporting dispersed denatured converters perform as well as the analogous Pu/U cycles 
within the framework of this analysis. Of the Th-containing cycles, the FBR with a Pu/U 
core and Th blanket is particularly resource-efficient. 


7.4.4. Results for Unconstrained Resource Availability 


The preceding results represent a somewhat artificial situation because of the 
$160/1b limitation on the U30, availability. That is, the failure to meet the projected 
power demand in many of the scenarios investigated is a direct result of the system's 
inability to utilize U30g costing more than $160/1b. In order to address the potential 
of the various fuel cycle/reactor options under the condition that the projected demand 
for nuclear power must be satisfied, the $160/1b constraint was removed. The cumulative 
quantity of U30g required to completely satisfy the demand for nuclear generating capacity 
was then estimated for each of the nuclear power options; these results are presented in 
Table 7.4-3. 


The rate at which U30, is required to support the projected nuclear capacity 
represents an important additional constraint on a system. An overall maximum U30, 
production rate is difficult to specify because of the possibility of importing U30, 
and because any prediction of the production of U30g from uncertain resources in the next 
century is highly speculative.- Recognizing this, and also recognizing that the required 
U30g production rate is. still an important variable, the maximum required U30, production © 
rates for each scenario were estimated and are tabulated in Table 7.4-4. As a point of 
reference, note that DOE has estimated that domestic mining and milling could sustain a 
production rate of 60,000 ST of U30g per year in the 1990s by developing U30g reserves 
and potential resources at forward costs” of Tess than $30 per pound. 


“Forward costs do not include the capital costs of facilities or industry profits, which 
are included in the long run marginal costs used in this study. 








Table 7.4-3. Cumulative U30, Consumption 
of Various Nuclear Policy Options 





Cumulative U30g Consumption (millions of tons) 





Converter Through year 2025/Through year 2049 
Reactor 
Option ] 2 3 4 5U 5T 6 7 8 





With High-Cost U30, Supply 


LWRs 3.41 2.39 2.14 2.87 2.36 2.36 2.18 2.14 2.29 
(L) 7.05 5.23 2.73 5.41 4.83 4.94 2.82 2.83 2.86 
SSCRs 3.26 2.23 1.99 2.70 2.35 2.14 1.93 1.93 2.07 
(S) 6.52 4.35 2.70 4.65 3.86 3.86 2.69 2.69 2.83 
HWRs 3.10 2.72 2.29 2.50 2.16 2.14 2.25 2.21 2.29 
(H) 5.58 4.64 2.70 4.36 3.27 3.77 2.61 2.56 2.87 
HTGRs 3.23 2.19 1.97 2.58 2.32 2.34 2.15 2.12 2.32 
(G) 6.26 4.04 2.75 §.13 4.43 4.94 2.70 2.68 3.18 


With Intermediate-Cost U3;0g Supply 
LWRs 3.41 2.39 2.28 2.87 2.36 2.36 2.37 2.37 2.37 


(L) 7.05 5.23 4.40 5.41 4.91 4.94 4.38 4.38 4.48 
SSCRs 3.26 2.23 2.20 2.70 2.14 2.14 2.14 2.14 2.14 
(S) 6.52 4.36 4.14 4.65 3.86 3.86 3.86 3.86 3.86 
HWRs ~ 3.10 2.72 2.31 2.94 2.52 2.51 2.32 2.30 2.38 
(H) ; 5.58 4.64 2.71 5.40 4.32 4.37 3.66 2.70 3.37 
HTGRs 3.23 2.32 2.30 2.58 3.32 2.34 2.23 2.23 2.26 
(G) 6.26 4,23 4.22 5.13 4.43 4.94 4.19 4.19 4.24 


The results presented in Tables 7.4-3 and 7.4-4 indicate the relative resource 
efficiencies of the various nuclear power systems since the energy produced was held 
constant. It should be noted that although the U30, cost limitation of $160/1b was 
removed, the uranium requirements were estimated. for both the intermediate- and high-cost 
U30g supplies. Hence, the differences in the cumulative U30g requirements and annual 
U303 production rates for similar fuel cycle/reactor combinations are due to different 
reactor mixes associated with each uranium price structure. 
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Table 7.4-4. Maximum U3,0, Requirements 
of Various Nuclear Policy Options 


Maximum U30, Consumption (thousands of tons per year) 


Converter 
Reactor ; 
Option 1 2 3 4 5U 5T 6 7 8 
With High-Cost U30g Supply 
LWRs 183 120 60 W1 115 115 62 60 68 
SSCRs 160 115 52 83 83 83 50 50 55 
HWRs 120 83 66 78 62 69 64 63 65 
HTGRs 140 82 53 105 96 115 61 60 65 
With Intermediate-Cost U30, Supply 

LWRs 183 120 92 111 117 115 86 86 92 
SSCRs 160 115 93 83 83 83 83 83 83 
HWRs 120 - 83 66 110 89 90 66 66 66 
HTGRs 140 86 86 105 96 115 87 87 87 


Satisfying the demand for 1100 GWe in year 2050 with the standard LWR once-through 
cycle (Option 1L) would require that about 183,000 ST U30, be produced in year 2049, with 
a cumulative consumption of 7.1 million ST through that date. Introducing advanced 
converters (Options 1S, 1H, and 1G) would reduce both the cumulative U30g consumption and 
the maximum production rate requirements on the once-through cycle — in the case of the 
HWR as Tow as 5.6 million ST and 120,000 ST/yr, respectively. 


Thermal recycle modes (Options 2, 4, 5U, and 5T) would reduce U30, consumption 
through year 2049 to within the range of 3.3 to 5.4 million ST U30g, depending on the 
policy option chosen and to a lesser extent on the uranium cost level. The maximum U30, 
consumption would vary from 62,000 to 120,000 ST/yr. The resource consumption is sensi- 
tive to the uranium price level to the extent that high-cost uranium favors the choice of 
efficient high-capital-cost systems such as the HWR, whereas lower-cost uranium favors 
continued use of LWRs even if other reactors are available. 


It should be noted that when plutonium is recycled in thermal power systems includ- 
ing denatured reactors (Options 5U and 5T) the total resource requirements (including Pu) 
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are generally less than those for thermal systems in the Pu-U recycle mode (Option 2). 
Discarding Pu from the recycle of denatured thermal systems (Option 4) reduces the 
efficiency of the denatured cycle. 


The nuclear power systems that include fast breeders (Options 3, 6, 7, and 8) have 
cumulative U30g3 requirements through year 2049 within the range of 2.71 to 4.41 million ST 
U30g in the case of the intermediate-cost U30g supply and within 2.6 to 3.2 million ST 

ag in the case of the high-cost supply. The maximum U30g consumption varies from 66,000 
to 93,000 ST/yr for the intermediate-cost supply and from 52,000 to 68,000 ST/yr for the 
high-cost supply. The breeder-containing options are able to.adjust the reactor mix 
effectively to reduce Ug consumption in the event U0, costs are high. The larger the 
fraction of breeders in the reactor mix, the Tower the U.0g requirements. 


It should be noted that the U0, requirements for the systems containing breeders 
with Pu/U cores and Th blankets (Options 6 and 7) are similar to the U0, requirements 
for the system containing the classical Pu/U breeder (Option 3). The systems containing 
breeders with Pu/Th cores and Th blankets require somewhat more Ug on an integrated 
basis. 


The U30g requirements presented in Table 7.4-4 qualitatively support the ranking of 
cycles in the cost-constrained runs. Specifically, the power systems operating on once- 
through cycles require 5.6 to 7.1 million ST U30g to satisfy the demand for nuclear 
power through 2050, the thermal-recycle systems require 3.3 to 5.4 million ST U30,, and 
the breeder-containing systems require 2.6 to 4.4 million ST U30g. The systems including 
denatured 23%) reactors require approximately the same cumulative amount of U30g as their 
Pu/U counterparts. The results presented in Table 7.4-5 also support these statements: 
the required production rates are highest for the once-through systems; they are reduced 
somewhat for the thermal recycle cases; and they are lowest for the breeder-containing 
scenarios. 


7.4.5. Systems Employing Improved LWRs and Enrichment Technology 


While not considered in the analysis summarized above, it is possible to optimize 
LWR designs to greatly enhance their utilization of U30g per unit energy produced. These 
optimized designs may result in reduced U30g requirements of up to 30% relative to more 
conventional LWR designs. The 30% improvement in LWR U30g requirements assumes no spent 
fuel reprocessing, the improvements being the result of increased discharge exposure fuels 
and/or reconfigured reactor cores. 


The effect of developing these LWR cores optimized for throwaway/stowaway operation 
was examined by. assuming that the U30g utilization would be improved in séquential incre- 
ments U30g requirements equal to 90% of the standard LWR. It was also assumed that this 
improvement would be retrofitted into existing reactors.* Similarly, reactors starting up 


tNeither the down time required for retrofitting nor the associated costs were addressed 
in this analysis. 
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between 1991 and 2001 were assumed to have U30g requirements equal to 80% of the standard 
LWR, with the improvements retrofitted to all existing reactors at that time. Finally, 
those plants beginning operation after 200] were assumed to have U30g3 requirements equal 
to 70% of the standard LWR, again with the improvements retrofitted to existing plants. 


In addition, the effect of a lower enrichment tails assay was examined for both the 
standard and the optimized LWR designs. The standard enrichment tails schedule assumed 
that the assay fraction was a constant 0.0020. The reduced tails schedule began at 0.0020 
but decreased to 0.0005 between 1980 and 2010 and remained constant thereafter. The latter 
tails schedule was assumed to represent a changeover to an improved enrichment technology. 


The effects of considering both the improved LWR design and the improved tails 
technology are summarized in Table 7.4-5. The results show that with tails improvements 
alone the U30g requirements may be reduced by 16% by year 2029. This reduced level of 
U30g consumption translates to an increase in the maximum installed capacity of approxi- 
mately 60 GWe for standard LWRs on the throwaway/stowaway fuel cycle. 


Table 7.4-5. Comparison of U30g Utilization of Standard and Improved 
LWRs Operating on Throwaway/Stowaway Option With and Without 


Improved Tails 
ST U30, /GWe 


Standard LWR Technology Improved LWR Technology 
Normal Improved Normal Improved 
Year Tails Tails Tails Tails 
1989 5236 4759 4649 4224 
2009 6236 4508 4079 3560 
2029 5236 4398 3923 3346 


*Normal tails assume 0.2 w/o 235U in 238U; improved tails as- 
sumed 0.05 w/o 235U in 238U; 75% capacity factor. 


With improved LWR technologies (no tails improvements) the U30g consumption levels 
could be reduced ~25% in year 2029. This translates to an increase of 100 GWe in the 


_ maximum installed capacity for optimized LWRs. ‘If both reduced tails and advanced LWR 


technologies were used, the maximum achievable installed nuclear capacity would increase 
by about 144 GWe. 


It is important to place these results within the perspective of the results re- 
ported in Table 7.4-2. The maximum installed nuclear capacities obtained with these 
improvements are comparable to those for standard LWRs operating on the classical Pu/238y 
recycle mode or on the denatured 23% cycle. Obviously, if both improved LWRs and Pu 


recycle were available, the nuclear capacity could be even greater. 
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7.4.6 Conclusions 


_ From the preceding discussion and the results presented in Chapter 6 and Appendix C, 
the following conclusions may be drawn concerning the reactor options, the fuel cycle 
options, and the U0, supply cases analyzed for this study. It should be emphasized that 
the conclusions are tentative and may be changed as a result of different demand growth 
projections or more accurate or improved reactor characterizations. 


If nuclear power systems were limited to the once-through cycle, it would be 
necessary to utilize U30g sources at above $160/1b sometime between year 2009 
and year 2035 in order to satisfy the projected nuclear power capacity demand. 


If nuclear power systems were limited to the once-through cycle and to U0, 
supplies below $160/1b, the U.S. nuclear power capacity would peak some time 
between 2009 and 2035. Nuclear power would fail to satisfy the projected 
nuclear demand during the 10-year period preceding the peak. If improved LWR 
designs and improved tails stripping techniques were implemented, the peaks 
would occur 10 to 15 years later. . 


If the high-cost U30, supply is assumed (3 million ST below $160/1b), all 
Once-through systems, regardless of the converter type employed, result in 
approximately the same maximum installed nuclear capacity. For less-restrictive 
UO, supply assumptions, advanced converters have time to increase the total 
nuclear power supply on the once-through cycle. 


Thermal recycle systems have the capability of substantially reducing requirements 
for U30g or of increasing the maximum installed capacity over the capacity of the 
once-through cycle. The best thermal recycle systems can support over twice the 
maximum installed capacity of the once-through cycle, and, under the intermediate- 
cost U30g supply assumption (6 million ST below $160/1b), they can fully support 
the assumed nuclear power growth through year 2050. 


‘The systems including breeders have the capability of substantially reducing the 
mining requirements and/or increasing the maximum installed capacity beyond thermal 
systems with recycle. This capability is needed to satisfy the nuclear capacity. 
demand through year 2050 under the high-cost uranium supply assumption (3 million 
ST below $160/1b). 


Thermal recycle systems including denatured 2330 reactors have the capability of 
supporting more nuclear capacity than the thermal Pu/238U recycle systems. However, 
achieving this capability would usually require Pu utilization. 


© From a resource utilization point of view, nuclear power systems utilizing denatured 


233y reactors can be started equally well with MEU(235)/Th or Pu/Th fuels, providing 
the eventual use of the plutonium generated in the MEU(235)/Th cycle is assumed. 
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© Systems that use breeders (i.e., fast transmuters) to produce 233U for LWRs or 
advanced converters operating on denatured 233U fuel have a capability comparable 
to systems employing the classical Pu/U breeder cycle to satisfy the assumed 
demand through 2050 with the U30g resource base assumed in this study. 
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7.5. TRADE-OFF ANALYSIS AND OVERALL STRATEGY CONSIDERATIONS 


T. J. Burns and I. Spiewak 
Oak Ridge National Laboratory 


One of the principal concerns about civilian nuclear power centers on the possible 
diversion of recycled fissile material to weapons fabrication, in particular, the diver- 
sion of plutonium. Depending on the degree to which this concern is addressed, various 
nuclear-power strategies can be developed between the current no-reprocessing option (and 


’ hence no recycle) and options that would permit the unconstrained recycle of plutonium. 


The denatured 733U fuel cycle that is the subject of this report provides a middle ground 
within which nuclear power strategies may be developed. Although the denatured cycle does 
employ recycled fissile material, it can be structured so that it has more proliferation- 
resistant characteristics than the plutonium cycle. Before any proposed new fuel cycle 
can be implemented, however, it must be addressed in the light of practical considerations 
such as the supply of U30g available, the projected nuclear power demand, the reactors 

and fuel cycles available, and the technological and implementation constraints imposed 

on the nuclear power system. These various aspects of nuclear power systems utilizing 
denatured 233U fuel have been discussed at length throughout this report. It is the 
purpose of this final section of the report to restate the most important conclusions of 
the study and to address trade-offs inherent in developing nuclear policy strategies that 
include the denatured 233U fuel cycle as opposed to strategies that do not. 


The nuclear power systems that have been examined can be classified as (a) no- 
recycle options, (b) classical reference recycle options, and (c) denatured recycle 
options. An integrated assessment of options in these three categories is presented in 
matrix form in Table 7.5-1, which also serves as a basis for the discussion that follows. 
In evaluating the systems, each option was characterized on the basis of the following 
criteria: 


(1) Nuclear proliferation resistance relative to other nuclear power systems. 
(2) Potential for commercialization of the reactor/fuel cycle components. 


(3) Technical feasibility on a reasonable schedule (and cost) for research, 
development and demonstration of the reactor/fuel cycle components. 


(4) Capability of the system for meeting long-term nuclear energy demands. 


(5) Economic feasibility. 


As has been pointed out in earlier sections of this report, throughout this study 
the United States has been used as a base case since the available input data (that is, 
reactor design data, nuclear growth projections, etc.) required for the analytical model 
are all of U.S. origin. However, with appropriate data bases, the same model could apply 
to other individual nations. Moreover, it could apply to cooperating nations, in which 
case the nuclear strategy would include a mutual nuclear interdependence of the participat- 
ing nations. 
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7.5.1. No-Recycle Options 


Since commercial-scale reprocessing is not envisioned for some time, the currently 
employed once-through low-enriched uranium cycle (LEU) represents the only significant 
commercial possibility in the near term. At current ore and separative work prices, 
power generated via the once-through LEU cycle in LWRs is economically competitive with 
other energy sources. The once-through fuel cycle also has favorable proliferation- 
resistant characteristics: its fresh fuel contains an inherent isotopic barrier; and 
while its spent fuel contains plutonium, the fuel is contaminated with highly radioactive 
fission products and thus has a radiation barrier. On the basis of these and other 
advantages (see Case A in Table 7.5-1), the continued near-term use of the once-through 
LEU fuel cycle for nuclear-based electrical generation is desirable. 


The principal drawback of the once-through fuel cycle lies in the fact that it is 
tied to resources that will become increasingly more expensive. Satisfying the nuclear 
demand postulated in this study to year 2050 would require the consumption of 5.6 to 7.1 
million tons U0g. An equally important consideration is that it would also require an 
annual U30g production capacity of 90,000 to 130,000 tons of U0, by the year 2030. As 
the price of uranium increases, there will be incentives to reduce both these requirements 
by using uranium more efficiently. For example, improved LWR technology could potentially 
reduce U30g consumption levels up to about 25% in the year 2030. A reduction in enrichment 
tails assay could result in an additional reduction in the uranium requirements of about 
16%; however, this would require about 80% additional SWU capacity to maintain a constant 
production level of enriched uranium. But even with these gains the viability of the once- 
through cycle would be limited by the availability and producibility of U30g from uncertain 
resources in the next century. 


A second once-through option (Case B in Table 7.5-1) would involve the addition of 
advanced converters to the power system either on the LEU cycle or on the MEU(235)/Th cycle. 
The implementation of the MEU(235)/Th once-through cycle in LWRs is uneconomic relative to 
the LEU cycle primarily because it would require higher fissile loadings and hence higher 
U30g commitments. And even if incentives were provided, the use of thorium-based fuels in 
LWRs would necessitate additional fuel R,D&D. To use either the LEU cycle or the MEU/Th 
cycle in other reactor types would entail significant expenditures to commercialize the 


reactors in the U.S. Moreover, the generic drawback of once-through cycles — that is, the 
uncertainty in the size of the economically recoverable resource base - would remain. On 


the other hand, as costs for extracting the resource base increase (to above $100/Ib Ug, 
for example), commercialization of the alternate reactors will become more attractive. 


If continued reliance on once-through fuel cycles is to be a long-term policy, it 
would be desirable to make provisions for restricting the spread of enrichment facilities. 
Also, safeguarding the spent fuel elements is necessary since the plutonium bred in the 
spent fuel represents a potential source of weapons-usable material which becomes increas- 
ingly accessible as.its radioactivity decays with time. Near-term resolution of the storage 
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question could be accomplished via international facilities chartered for just such a pur- 
pose. Such centers (and the institutional arrangements attendant to them) could also serve 
as forerunners of the full-scale fuel cycle service/energy center concept considered for the 
recycle-based options. 


| 
7.5.2. Recycle Options 


The inherent limitations of the resource base would require the use of recycled 
material to supplement the LEU cycle if the growth of a nuclear-based electrical generation 
capacity were to be sustained. Table 7.5-1 compares three recycle options utilizing de- 
natured fuel (Cases E-G) with two reference recycle options utilizing the classical Pu/U 
cycle (Cases C and D). The two reference cycles differ in that Case D employs FBRs while 
Case C does not. The denatured cases differ in that Cases E and F are all-thermal systems 


and Case G employs FBRs in addition to thermal reactors. Case E uses only LWRs as dis- 
persed reactors while Case F uses both LWRs and advanced converters (HWRs, HTGRs, or SSCRs). 


It has been assumed that, given a strong government mandate and financial support, 
all the fuel cycles and reactor types that have been considered in this report could be 
developed by the time they would be needed - by the year 2000 or later. However, the 
Pu/U cycle is much closer to being commercialized than the Th-based cycles, and, as noted 
in Chapter 5, the research, development, and demonstration costs for implementing the 
denatured 233U fuel cycle in LWRs would be between $0.5 and $2.billion higher than the 
costs for implementing the reference Pu/U cycle in LWRs. If the HWR or HTGR were the 
reactor of choice, an additional $2 billion would be required for reactor research, 
development, and demonstration. 


A system in which reactors consuming Pu and producing 233U (transmuters) are 
combined with reactors operating on denatured 233U fuel appears to have somewhat better 
proliferation-resistant characteristics than a system based solely on the Pu/U cycle. 

The "fresh" 233y fuel is denatured with 238U, and thus some of the proliferation-resistant 
features of the front end of the LEU cycle would be extended to the recycle mode. That 

is, both chemical and isotopic separation of the fresh fuel would be necessary to obtain 
weapons-usable material. Additionally, the fresh denatured fuel is contaminated with 
radioactivity due to the decay daughters of a 232U impurity that is unavoidably produced 
along with the 233uU, and the associated complications introduced into the isotope separation 
procedure would be severe. By contrast, weapons material could be obtained from Pu/U or 
233j/Th fuel through chemical separation alone, although the 23°J obtained would also be 
radioactive due to the 222U daughters. (The Pu/U fuel would also be radioactive but much 


less so.) 


The spent denatured fuel represents a somewhat lower proliferation risk than the 
spent fuel from other options would. The recovery of a given quantity of Pu bred in the 
238y denaturant would require the processing of more material than would be necessary in 
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Table 7.5-1. Integrated Assessment of Various Nuclear Policy Options for Meeting U.S. Nuclear Power Grpwth Demand 


Proliferation Resistance 


Implementation/Conmercialization 





R,0&D Cost and Time of 
Commercial Introduction 


Ability to Meet Power Demands 








Economics 





No-Recycle Options 
[ A LWRs on LEU cycle .® Probably best to: the extent that non-nuclear e In wide conmercial use e Low cost e Least resource efficient © Economics closely linked to U;0, price 
; weapons states continue to forego national e Concern exists about fuel © Gradual improvements introduced from year © Peaks out between. years 2010 and 2030 e Very favorable at current U30, prices 
fuel recycle supply 1980 to year 2000 and declines thereafter unless large 
e Fresh fuel has isotopic barrier; spent fuel @ €mphasis on improved LWRs and amounts of low-grade 30, are exploited 
[ contains radioactive fission products U30g resource development ® Peak could be increased and delayed 10 
; @ Spent fuel stockpile containing Pu is a needed to 15 years with reactor improvements 
ne ; .. risk; requires institutional barriers : and reduced tails assay 
B LEU-LWRs followed by e Similar to above e Little commercial incentive to e Up to $2 billion for advanced converter ® Advanced converters dould extend e Uncertain capital costs cloud near-term 
advanced converters on @ HTGRs on.MEU/Th cycle would reduce Pu pro- introduce advanced converter R,D&D usefulness of once-through cycle up interest 
; LEU (SEU) cycle or on duction by factor of 5 over LEU-LWRs but e Known to be technically e Advanced converters introduced in 1990's to 10 years over standard LWRs @ Advanced converters favored at high 
: MEU(235)/Th cycle fresh fuel would have higher 235U content feasible : U30g prices .(>$100/1b) 
(20%) e Concern exists about long-term : 
Pa @ HWRs on SEU cycle about equal to LWRs on LEU fuel supply 
[ cycle in Pu production 
Classical Reference Recycle Options 
, C Once-through LEU-LWRs. @ Recycled Pu in fresh fuel chemically sepa- e Acceptable to private sector e@ About $1 billion, mainly for fuel cycle ® Gains 10-15 years relative to Case A; e Preferred over Case A at high Us0, 
followed by LWRs with Pu rable; probably acceptable if Pu can be. ® Requires completion of Generic R&D somewhat less relative to improved A (>$100/1b) , 
; recycle . . limited to nuclear weapons states and to Environmental Impact Statement © Introduction in late 1980's 
secure international fuel service centers on Mixed Oxide Fuel 
® Option requires technical and institutional 
! _ barriers for Pu-fueled reactors (30%) 
i © Spent fuel contains radioactive fission . 
_ products ‘ 
D Once-through LEU-LWRs e -Increased risk over Case C because system ©. Preferred by private sector j e FBR R,R&D up to $10 billion © Superior ability to respond to power © Economics uncertain because of FBR 
followed by LWRs and FBRs = ‘tends to become Pu dominated . @ FBR licensing and commercial- ; © Fuel cycle R,D&D $1.6 to $3 billion growth greater than that considered in costs, but probably acceptable 
: with Pu recycle @ Leads to significant Pu invertories ization may be difficult @ FBRs not available before 2000 this study 
: and requires extensive Pu. transpor- ® Uncertain public acceptance e Divorce from mining possible 
tation for dispersed reactors ; 
e © Requires technical and institutional 
[ barriers =? 
a . Denatured Recycle Options 
. E Dispersed LWRs operating on @ "Fresh" denatured fuel has isotopic and ® Fuel cycle somewhat more com- © Up to $0.5 billion, PWRs and BWRs e@ Somewhat better than Case C due to @ Close to Case C 
LEU and denatured 233u fuel radioactive barriers; spent fuel contains plex than Pu/U cycle, but func- © Fuel cycle R,D&D $1.8 to $3.3 billion superiority of 233y as thermal reactor 
with U recycle; energy- radioactive fission products tionally equivalent /  @ Introduction in 1990's fuel 
center thermal transmuters e Spent denatured fuel contains less Pu than e@ Requires government incentive — 
(LWRs) with Pu recycle spent LEU fuel (factor of 2.5 less) 
: = @ Requires technical and institutional 
[ barriers to limit Pu to secure energy 
. centers 
® Reduces Pu-fueled reactors by factor of 2 
: compared with Case C 
[ F Dispersed LWRs and advanced © Fresh and spent denatured fuel advantages © Same as Case £ © Up to $2.5 billion for advanced © Can fully satisfy assumed demand through @ Possibly lowest cost for U30, price 
i converters operating on LEU same as. for Case E @ Advanced converters likely to converters year 2050 for plentiful U30, supply; range of $100-$200/1b, especially 
and denatured 233) fuel with © Requires technical and institutional to be attractive if FBRs are © Fuel cycle same as in Case E especially true if HWR converters used for HTGR converter 
U recycle; energy-center barriers unavailable © Introduction in late 1990's 
" thermal transmuters (LWRs © Use Of HWRs or HTGRs substantially reduces 
and advanced converters) Pu production relative to Cases C and E 
2 with Pu recycle ©@ Pu-produced in denatured HWRs and HTGRs may be 
discarded with minor loss of fuel efficiency 
G Dispersed LWRs and advanced e Very similar to Case E except that 15 to 50% © Same as Case E © Up to $10 billion for FBRs © As good as Case D abave for: assumed © Economics similar to Case D above 
[ converters operating on LEU of reactors may be Pu-fueled FBRs, depending Private sector likely to accept © Converter R,D&D as in Cases E and F power demand © If FBR costs are high, can compen- 
and denatured 233 fuel on choice of cycles government mandate @ Fuel cycle $2 to $3.6 billion © Divorce from U mining less likely than sate by reducing the fraction of FBRs 
U recycle; energy-center © Should be structured for maximum ° Introduction after year 2000 for Case D above in the mix and increasing the mining 
fast transmuters with Pu thermal-to-fast reactor ratio to ; rate 
recycle allow siting flexibility 
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either the Pu/U cycle or the LEU cycle (about 2.5 times more than the LEU cycle). It must 
be noted, however, that the presence of chemically separable fissile material at any point 
in a fuel cycle represents a proliferation risk, and thus these points must be subject 

to stringent safeguards. Also, the potential spread of enrichment facilities and improve- 
ments in enrichment technology (and hence greater ease in obtaining fissile material) may 
make such differences between the various fuel cycles less important. 


As is evident from Table 7.5-1, the private sector prefers the Pu/U cycle to the 
denatured fuel cycle, and a government mandate would probably be required to induce 
commercialization of denatured recycle in preference to Pu/U recycle. Private investors 
have developed recycle technology for mixed-oxide Pu fuels extensively, while putting 
little effort into recycle technology for thorium-based fuels. 


Because reprocessing is inherent in the denatured 233U cycle, implementation of the 


cycle is likely to require the development of "fuel service centers," safeguarded facilities 


whose purpose would be to protect sensitive fuel cycle activities. Such centers could 
evolve from the safeguarded spent fuel storage facilities required for the once-through 
fuel cycles. For the recycle scenarios, the center would first contain sensitive fuel 
cycle facilities to produce denatured 233U fuels from stored 233U-containing spent fuel; 
later it would include those reactors that operate on fuel from which the fissile component 
could be chemically separated. Under the assumption that no weapons-usable fuel that is 
chemically separable can be used in dispersed reactors, a power system utilizing denatured 
233 fuel has a significant advantage over one based on the Pu/U cycle alone. The Pu/U 
cycle would necessitate that all reactors be constrained to the energy center, which will 
result in a penalty for electric power transmission since energy centers could not be sited 
as conveniently as dispersed reactors. With a denatured system, a significant fraction (up 
to 85%) of the power could be dispersed since only the Pu-fueled transmuters would be oper- 
ated in. such centers and thus the system could maintain a relatively high energy-support 
ratio (ratio of nuclear capacity installed outside center to nuclear capacity installed 
inside center). 


Evaluation of the denatured 233U fuel cycle on the basis of economics and/or energy 
supply is difficult due to the uncertainties in unit cost factors and potential energy 
demand. With the economic and energy demand assumptions employed in the analysts pre- 
sented in Chapter 6, however, the economics of the denatured cycle appear to be equivalent 
to, or slightly better than, the economics of the classical Pu/U cycle for moderate 
growth-rate scenarios (i.e., those employing combinations of fast and thermal systems). 
Although the fuel cycle unit costs of the denatured cycle were assumed to be higher than 
those of the Pu/U cycle, power systems utilizing denatured 233U fuel typically allow a 
larger fraction of the reactors constructed to be thermal reactors, which have lower 
capital costs. This is posstble because the nuclear properties of 233U are such that it 
can be used in thermal reactors more efficiently than in fast reactors. 
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Although the strategy analyses presented in Chapter 6 considered various advanced 
converters as potential dispersed denatured reactors, the selection of an optimum advanced 
converter is precluded at this time due to cost and performance uncertainties and the 
failure of this study to identify a single advanced converter for further development on 
the basis of commonly accepted selection criteria. For example, at high U30g prices, the 
HTGR appears to generate the lowest-cost power of the thermal reactors, while an HWR . 
appears to be the most resource-efficient and to have the best energy-support ratio on 
the denatured cycle. The SSCR might be developed most quickly and cheaply. All the 
advanced converters, but particularly the HWR and the HTGR, appear to have certain 
superior fuel utilization characteristics relative to standard LWRs due to their higher 
conversion ratios (i.e., lower 233U makeup requirements), lower fissile inventories, and 
lower Pu production. Denatured advanced converters also can be sustained at higher support 
ratios than can denatured LWRs. [Cycles with potentially higher thermal efficiencies (such 
as the direct cycle) and potential siting advantages were not considered in the comparisons 
of the advanced converters. ] 


The introduction of denatured advanced converters, however, is estimated to require 
up to $2 billion more research, development, and demonstration expenditures than would 
the introduction of a denatured LWR. Moreover, a denatured LWR could be commercialized 
up to 10 years sooner than a denatured advanced converter. Developing a denatured LWR 
would be less difficult due to the backlog of LWR experience and the reduced risk 
associated with a previously demonstrated reactor system. The capital cost of an advanced 
converter, although generally lower than the cost of a fast reactor, is estimated to be 
somewhat higher than that of an LWR. Thus, the improved performance must be weighed 
against the increased capital costs, the delay in introduction, and the research and 
development costs in any decision relative to the use of advanced converters in con- 
junction with the denatured cycle. 


The analysis of Chapter 6 indicates that, as 23°U producers, fast transmuters would 
have more favorable resource characteristics than thermal transmuters. For the energy 
demand assumed in this study, the most satisfactory denatured power system would consist of 
denatured thermal reactors coupled to fast transmuters in a symbiotic relationship, the 
logical transmuter candidate being a fast reactor with (Pu-U)0, drivers and ThO. blankets. 
It should be noted, however, that a more rapid growth in energy demand could dictate that 
Pu/U breeders be constructed to meet the demand or that some combination of Pu cycle 
breeders containing thorium and dispersed denatured breeders be used. - In these cases the 
nuclear power capacity could grow independent of the resource base. 


Although the denatured cycle appears to possess advantages relative to the Pu/U 
cycle, several important areas require further study. In particular, the refinement of 
the denatured advanced converter characterization is of prime importance, both to evaluate 
various reactor options and to study the overall use of advanced converters as opposed to 
LWRs. As the potential for improving the performance of LWRs, both on the once-through 
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and recycle modes, is better defined and as advanced converter designs are optimized for 
denatured systems, the analysis will become more useful for R,D&D planning. Also, system 
interaction studies for the dispersed denatured reactors and centralized transmuters 
require refinement based on improved reactor designs and updated mass balances. Finally, 


the question of implementing the energy-center concept, together with the use of specially 


designed transmuters as a source of denatured fuel, deserves more detailed study. The 
Nonproliferation Alternative Systems Assessment Program (NASAP) is currently developing 
characterizations of improved fast transmuters, improved LWRs, and reoptimized advanced 
converters and LMFBRs. Light Water Breeder Reactors (LWBRs) wilt also be included in 
these characterization studies. 


7.5.3. Overall Conclusions and Recommendations 


The denatured 233y cycle emerges from this assessment as a potential alternative 
to the conventional Pu/U cycle. Its advantages may be characterized as follows: 


e The denatured 235U cycle offers proliferation-resistance advantages relative 
to the Pu/U cycle in that the "fresh" denatured fuel has an isotopic barrier; 
that is, it does not contain chemically separable Pu or highly enriched uranium. 
By contrast, the Pu/U cycle together with fast breeder reactors tends toward 
an equilibrium with all reactors using Pu fuels. Also, fresh denatured fuel 
has a much more intense radioactive barrier than does the fresh fuel of the 
classical Pu/U cycle. 


e For moderate growth rate scenarios, deployment of power systems that include 
reactors operating on denatured 233U fuel would allow a larger fraction of 
the reactors in a power system to be thermal reactors. This would tend to 
minimize the overall capital costs of the system compared to fast/thermal 
power systems based on the Pu/U cycle. 


e If in addition to LWRs, the denatured thermal reactors of the power system 
were to include denatured advanced converters, the dependence of the power 
system on a fast reactor component (i.e., fast transmuters) could be further 
minimized due to the improved resource utilization of denatured advanced 
converters compared to denatured LWRs. Although the advanced converters 
would have higher capital costs than the LWRs, this might be offset by 
reduced requirements for FBRs. 


The disadvantages of the cycle are the following: 
e The denatured 233) fuel cycle is more complex than the Pu/U cycle, and since 


2334 must be produced in transmuter reactors, the rate at which denatured 235y 
reactors can be introduced will be inherently limited. Because the Pu/U cycle 
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technology is closer to commercialization, there is a reluctance both by 
U.S. industry and by foreign governments to embrace an alternative which 
is less developed and which is considered primarily on the basis of its 
fonproliferation advantages, and this would have to be overcome. 


The R,D&D costs for developing the denatured 235U fuel cycle are significantly 
higher than those for the Pu/U cycle. If advanced converters must also be 
developed, significant additional costs would be incurred. 


Other important conclusions from this study are as follows: 


On the 


The once-through cycle based on LWRs is likely to dominate nuclear power 
production through the year 2000. This provides time to develop either 
the denatured cycle or the Pu/U cycle for the recycle mode. 


The denatured 233U fuel cycle can be used in .LWRs, SSCRs, HWRs, HTGRs, 
and FBRs without major changes from the present conceptual reactor designs 
based on their reference fuels. 


After the necessary R,D&D is completed, the denatured 235U fuel cycle 
appears to be economically competitive with the Pu/U fuel cycle in LWRs, 
advanced converters, and in symbiotic fast-thermal recycle systems. 


With the fuel resources assumed, the nuclear power demand postulated in this 
study (350 GWe in the year 2000 and a net increase of 15 GWe/yr thereafter) 
can be met as well by the denatured fuel cycle as it can by the Pu/U cycle. 
However, the Pu/U-FBR cycle has an inherent ability to grow at a faster rate 
than the other cycles. 


basis of this study, it is recommended that: 


Optimized designs of alternate breeders, improved LWRs, HWRs, SSCRs, and 
HTGRs be examined to refine the characteristics of the denatured cycle 
relative to fuel utilization, economics and energy-support ratio. The 
study should also be expanded to include LWBRs and the fast breeder 
designs developed by DOE in the Proliferation Resistant Large Core 
Design Study (PRLCDS). More detailed assessments of the proliferation 
risks and the economics of the denatured cycles compared to other 
recycle options (Pu/U and HEU/Th) should also be pursued. 
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These studies could provide guidance for the following R&D programs: 


e Thorium fue? cycle R&D to investigate the use of MEU(235)/Th, MEU(233)/Th 
(denatured 233U), and Pu/Th fuels in LWRs and HWRs (the latter in cooperation 
with Canada). This program might also include the LWBR fuel cycle. 


e Studies to consider denatured 233U or 235U fuels as candidates for the 
HTGR reference fuel cycle. 


e Thorium technology studies, particularly for blanket assemblies, as an 
integral part of the FBR programs (LMFBRs and GCFBRs). 


e Exploratory work with utilities and PWR and BWR vendors for qualification 
and use of MEU/Th and Th fuel rods in commercial reactors. An example of 
the beneficial use of Th would be in corner rods of the BWR fuel assembly. 
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Appendix A. ISOTOPE SEPARATION TECHNOLOGIES 


E. H. Gift 
Oak Ridge Gaseous Diffusion Plant 


A.1l. Current Separation Capability 


Three enrichment technologies exist that are sufficiently advanced to be classi- 
fied as current separation technology. These are: 
a. The Gaseous Diffusion process. 
b. The Gas Centrifuge process. 
c. The Becker Separation Nozzle process (and its variant, the South African Helikon 
process). 


Both the centrifuge and the Becker processes are expected to provide enrichment 
services that are competitive with gaseous diffusion. The centrifuge process, in parti- 
cular, is projected to provide a 30%! saving in separative work cost when fully imple- 
mented in a large scale plant. 


A brief description of each of these processes and their current productive 
capacity follows. 


The Gaseous Diffusion Process 
The gaseous diffusion process is based upon the physical fact that in a gas made 


up of molecules of different masses, molecules containing the lighter mass isotopes will, 
as a result of the distribution of kinetic energies, have average velocities slightly 


faster than those which contain the heavier isotopes. As a result, these lighter isotopes 
will reach the walls or pores in the walls of a containment vessel more frequently and at 
higher velocities. .In the gaseous diffusion process, the container wall is a porous tube 
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(barrier) through which diffusion is accomplished. 


The maximum theoretical separation that can be achieved is a function of the 
square root of the ratio of the masses of the gas molecules. In the diffusion process, 
utilizing uranium hexafluoride, the square root of. the ratio is 1.00429. Because this 
number is so close to unity, the degree of enrichment which can be achieved in a single 
diffusion stage is very small, but the effect can be multiplied by making use of a — 
cascade consisting of a number of stages. Production of 90 weight percent 235u from 
0.711 weight percent 235U material, as found in natural ore, requires about 3,000 
diffusion stages in series. A plant constructed for the purpose of producing material 
of up to 4.0 weight percent 235U, as might be required for typical light water power 
reactors, would contain about 1200 stages. 











To take advantage of the small separation factor discussed above, diffusive flow 
must be ensured, not just simple gas flow. Diffusive flow requires not only small pores, 
j.e., less than two-millionths of an inch in diameter, but also uniformity of pore size. 
Because of the small pore size, literally acres of barrier surface are required in a large 
production plant. 


Complexity of plant design is increased by the difficulties arising from the 
nature of the diffusing gas itself. A volatile compound of uranium must be used, and 
the hexafluoride (UF) is the only known suitable compound. It is a solid at room 
temperature; consequently, the diffusion plants must be operated at temperatures and 
pressures necessary to maintain the UF, in gaseous form. Although it is a stable com- 
pound, UF, is extremely reactive with water, very corrosive to most common metals, and 
not compatible with organics such as lubricating oils. This chemical activity dictates 
the use of metals such as nickel and aluminum and means that the entire cascade must 
be leak-tight and clean. The corrosiveness of the process gas also imposes added diffi- 
culties in the fabrication of a barrier which must maintain its separative quality over 
long periods of time. , , 


The enrichment stage is the basic unit of the gaseous diffusion process. In all 
stages gas is introduced as UF, and made to flow along the inside of the barrier tube. 
In the standard case about one-half the gas diffuses through the barrier and is fed to 
the next higher stage; the remaining undiffused portion is recycled to the next lower 
stage. The diffused stream is slightly enriched with respect to 235U, and the stream 
which has not been diffused is depleted to the same degree. 


The basic equipment components vital to the process are the axial flow compressors, 
the converter shell and the barrier tubes. Axial flow compressors are used to compress 
the UF, gas to maintain the interstage flow, and electric motors are used to drive the 
compressors. 


A gas cooler is provided in the converter since gas compression unavoidably 
generates heat which must be removed at each stage. The diffuser, or converter, is the 
large cylindrical vessel which contains the barrier material. It is arranged in such a 
fashion that the diffused stream and the stream that has not diffused are kept separate. 


Groups of stages are coupled to make up operating units and such groups, in turn, 
make up the cascade. 


Gaseous diffusion plants are in operation in the United States, England, France, 
and Russia. 
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The Gas Centrifuge Process 


The countercurrent gas centrifuge separation of uranium isotopes is based on 
processes developed more or less independently in the U.S. at the University of Virginia, 
in Germany,* and in Russia> during World War II. Much of this work was reported at the 
1958 Geneva Conference. In the U.S. this work was continued at the University of 
Virginia and reported in 1960.6 The machine developed is shown in Fig. A-1. 


3 


The theory*>” for operation of the gas centrifuge shows that the maximum separative 
capacity of a gas centrifuge is proportional to: 
a. The fourth power of the peripheral speed, 
b. the length, and 
c. the square of the difference in molecular weights. 


Thus, it is evident that one should make the peripheral speed and the length of the 
centrifuge as large as possible. The peripheral speed is limited by the bursting strength 
of the material of the rotor wall. A long rotor of small diameter is comparatively 
flexible and will pass through a series of resonant mechanical vibration frequencies while 
being accelerated to high peripheral speed. Unless provided with special damping bearings, 
a centrifuge would destroy itself while passing through one of these resonant speeds. Much 
of the world's effort in advanced centrifuge development has been designed to keep below 
the first resonant frequency. As a result, they are comparatively short and have relatively 
low separative capacity. 


Some of the differences between gas centrifuge and gaseous diffusion technologies 
should perhaps be noted. Gaseous diffusion requires fabrication of permeable barriers 
with a very small pore size; the manufacture of these barriers is a difficult process 
and a closely guarded secret. . Gas centrifugation requires manufacture of high-speed 
rotating equipment. White such manufacture is certainly not trivial, it basically 
requires a well-equipped precision machine shop that may well be within the technical 
capabilities of many nations. The technology of rotating machinery is widespread and 
designs for gas centrifuges are in the open literature. 


The power requirements for a centrifuge facility are much less than for a 
diffusion facility of the same size. For U.S. plants of economic scale and of the same 
separative capacity, gas centrifugation requires about 7% of the power needed for gaseous 
diffusion. ® 


= Following the early work in the U.S., further research on the centrifuge process 
was undertaken for the USAEC by the University of Virginia, Union Carbide Corporation 
Nuclear Division and Garrett Corporation-AiResearch Manufacturing Co., and Dr. Lars 
Onsager. The current status of the U.S. program can best be indicated by a brief 
description of the operating and planned facilities:+ 
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Fig. A-1. ZIPPE Centrifuge (Simplified). 


The Equipment Test Facility (ETF) was conceived to provide for the reliability 
testing of "high capacity" centrifuges. This facility, which began operation in 1971, 
has been the source of reliability testing for two generations of machine designs. Many 
of the first generation high capacity machines are still operating in this facility. 
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The Component Preparation Laboratories (CPL) in Oak Ridge, Tennessee and Torrance, 
California, were built to evaluate, improve and demonstrate techniques amenable to the 
mass production for manufacturing centrifuges. This facility became operational in 
early 1974. 


The Component Test Facility (CTF) was designed to demonstrate the machine reli- 
ability and operability testing of substantial numbers of centrifuges in a cascade 
operation. Construction was begun in 1972 and the first phase of startup of the facility 
was completed in January 1977 with cascade operation of about one-half of the machines 
operating. The remaining machines were operable within a few weeks later. The capacity 
of the CTF is significant, about 50,000 SWU/yr, or about the annual enriching requirement 
for a 500 MW power reactor. 


The Advanced Equipment Test Facility (AETF), in addition to being a reliability 
test facility will also test the plant subsystems which support the machines. The 
machines to be installed in this facility will have significantly greater separative 
work capability than those in the CTF. The AETF is expected to be operable in the spring 
of 1978. 


In Europe, the URENCO organization, consisting of participants from England, 
Germany, and Holland, has a program that so far has been directed toward machine reli- 
ability and long lifetime. URENCO is currently producing about 200 MITSWU/yr from 
plants at Almelo, Holland and Capenhurst, England. Expansion of these facilities is 
planned by 1982. The URENCO group expects to have 2000 MTSWU/yr in operation, 1300 
MTSWU/yr at Almelo, and the remaining 700 MISWU/yr at Capenhurst. 


The Becker Separation Nozzle 


The Becker process,? being developed in Germany by Dr. E. W. Becker and his 
associates, utilizes the pressure gradient developed in a curved expanding supersonic jet 
to achieve separation in a gas mixture. The separation nozzle stage is shown schematically 
in Fig. A-2. A light gas, helium or hydrogen, is added to the UF, in order to increase 
the velocity of the jet. As the expanding jet traverses the curved path, the heavier 
component is enriched in the vicinity of the wall. A knife edge divides the jet into two 
fractions--one enriched in the light component, and the other enriched in the heavy 


_component--which are then pumped off separately from the stage. Although the separation 


obtained per stage is relatively high (~1.025), many separation nozzle stages are needed 
to obtain an appreciable enrichment. This process avoids the problems associated with 
the fine-pored membrane required for gaseous diffusion, and those associated with the 
high-speed rotating parts of the gas centrifuge. It does suffer, however, from the 
disadvantage of a relatively high power requirement, primarily because a great deal of 
light gas must be recompressed between stages along with the UFe process gas. 
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P = total pressure; N = mole fraction of UF6 in the UFé/He mixture. 
Subscripts o, M, and K refer to feed gas, light and heavy fractions, 
respectively. 


Fig. A-2. Cross Section of the Separation Nozzle System of the Becker Process. 


A small 10-stage pilot plant was operated in 1967 to prove the technical feasi- 
bility of the process. Following that, a single large prototype stage suitable for use 
in a practical cascade was fabricated. 


A prototype separation stage contains 81 separating elements and is reported to 
have a separative capacity of approximately 2000 kg U SW/yr. A plant producing a product 
enriched to 3% 235y and with tails at 0.26% 235U is expected to require about 450 such 
stages. 


Figure A-3 shows the individual separating elements, each containing 10 separation 
nozzle slits on its periphery. The fabrication of these units is not as simple as one 
might at first expect. In order to obtain the desired separation performance at reasonable 
pressures, it is necessary to employ very small geometries. The spacing between the knife 
edge and the curved wall in the prototype separating unit should be about 0.0005 of an 
inch. In order to obtain good performance, it is necessary that this spacing not deviate 
by more than +10% over the 6-foot length of slit. 


The power requirement for the Becker process is currently estimated to be about 
one and one-third times as great as that required for gaseous diffusion. Dr. Becker 
believes that further process improvement is still possible and that the power require- 
ment can be substantially reduced. : 
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Li Fig. A-3. Becker Separating Element With Ten Slits 
i 
The South African Helikon Process 

L The South African!® (or UCOR) process is of an aerodynamic type whose separating 
element is described by the developers as a high-performance stationary-walled centri- 


a fuge using UF, in hydrogen as process fluid. All process pressures throughout the system 
ie will be above atmospheric and, depending on the type of "centrifuge" used, the maximum 
process pressure will be in a range of up to 6 bar. The UF, partial pressure will, 
= however, be sufficiently low to eliminate the need for process heating during plant 
L operation, and the maximum temperature at the compressor delivery will not exceed 75°C. 


' The process is characterized by a high separation factor over the element, namely 
L from 1.025 to 1.030, depending on economic considerations.. Furthermore, it has a high 
. degree of asymmetry with respect to the UF, flow in the enriched and depleted streams, 
faa which emerge at different pressures. The feed-to-enriched streams pressure ratio is 


Li typically 1.5, whereas the feed-to-depleted streams pressure ratio is typically only 1.12. 
at To deal with the small UF, cut, a new cascade technique was developed--the so-called 
Ly "helikon" technique, based on the principle that an axial flow compressor can simul- 


taneously transmit several streams of different isotopic composition without there being - 
significant mixing between them. The UCOR process must, therefore, be regarded as a 
combination of the separation element and this technique, which makes it’ possible to 
a) achieve the desired enrichment with a relatively smal] number of large separation units 
U by fully utilizing the high separation factor available. A further feature of the helikon 
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technique is that a module, defined as a separation unit consisting of one set of com- 


pressors and one set of separation elements, does not as in the classic case, produce only 


one separation factor of enrichment in one pass but can produce for a constant separative 


work capacity various degrees of enrichment up to a maximum of several times the separation 


factor over the element. 


Full scale modules of this type are nearing the prototype stage. Recent design 
improvements are expected to result in a nominal capacity of 80 to 90 kg SWU/yr?? per 
separation module. 


A valuable feature of a plant based on this process is its very low uranium inven- 
tory, which results in a short cascade equilibrium time, of the order of 16 hours for a 
commercial plant enriching uranium to 3% 235u. 


The theoretical lower limit to the specific energy consumption of the separation 
element can be shown to be about 0.30 MW.h/kg SW. The minimum figure observed by the 
developers with laboratory separating elements is about 1.80 MW.h/kg SW, based on 
adiabatic compression and ignoring all system inefficiencies. This difference is a 
measure of the improvement potential expected by the South Africans. 


Current and Projected Enrichment Capacity 


Most of the known installed enrichment capacity is based upon gaseous diffusion 
technology. Only small increments of centrifuge technology are in operation (i.e., 
URENCO, Japan and U.S.), and one plant utilizing modified nozzle technology (the South 
African Helikon plant) may be operating. Indicative of the status of other isotope 
separation methods, all planned additions to the world enrichment capacity are based on 
either diffusion, centrifuge or nozzle technology. 


The existing worldwide capacity and planned additions to capacity are shown in 
Table A-1 by country and technology type. In the table the groups identified as 
Eurodif and Coredif are multinational organizations building gaseous diffusion plants 
in France. 


A.2. New Separation Technologies 


In addition to the more developed technologies (gaseous diffusion, gas centri- 
fuge, and the Becker nozzle), there are several other separation methods that either 
have been utilized in the past or are currently being developed. These technologies 


- are listed in Table A-2. 
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Table A-1. Approximate Schedule. of World Enrichment Capacity® 
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i ’ Capacity Cumulative 
fog 4 Nation ; Technology Increment . Capacity 
: Nei. Year or Group Type (MT_SWU) Present Status of Increment (MT_SWU) 
1977 u.s.? Diffusion 15,400 Existing 15,400 
ro UK-France Diffusion 800-1000 Existing, but dedicated to 16,400 
_ military use 
bed Russia©® Diffusion 800 Existing, actual] total 17,200 
capacity unknown 
China Diffusion Unknown Existing, mostly military 
URENCO Centrifuge 200 Existing 17,400 
{~ U.S. Centrifuge 50 Existing 17,450 
| S. Africa Helikon-Fixed Unknown Existing pilot plant or in 
= wall centrifuge process of coming on-line 
1978 u.s.? Diffusion 3,300 From CIP/CUP plus added 20,750 
ary power purchase 
j URENCO Centrifuge 200 Facilities at Almelo & Capen- 20,950 
| : hurst now in construction 
| Japan Centrifuge 20 Currently under construction 20,970 
| Russia® Diffusion 200 21,170 
"alae 1979 u.s.? Diffusion 2,200 From CIP/CUP 23,370 
| , : Russia® Diffusion 500 23,870 
| URENCO Centrifuge 400 Under construction 24,279 
Eurodif Diffusion 2,600 26,870 
1980 u.s.? Diffusion 1,600 From CIP/CUP 28,470 
a URENCO Centrifuge 400 Planned 28,870 
i Eurodif Diffusion 3,700 Under construction 32,570 
Japan Centrifuge 3 Under construction 32,600 
Russia® Diffusion - 500 33,100 
~— 1981 u.s.? Diffusion 700 From CIP/CUP 33,800 
i URENCO Centrifuge 400 Planned 34,200 
{ Eurodif Diffusion 2,100 Under construction 3€ 300 
| Russia® Diffusion 500 36 800 
1982 u.s.? Diffusion 300 Incr. Power Implementing CUP 37,000 
i URENCO Centrifuge 400 Planned 37,500 
' Eurodif Diffusion 2,400 Under construction 39,900 
Russia® Diffusion 500 40,400 
Brazil Becker nozzle 180 Planned 40,580 
eat 1983 URENCO Centrifuge 1,300 Planned 41,880 
; Coredif Diffusion 1,800 Planned 43,680 
\ 
1984 u.s.? Diffusion 2,000 Incr. Power Implementing CUP 45,680 
URENCO Centrifuge 1,300 Planned 46,980 
S. Africa Fixed wall 1,600 Planned 48,580 
ar centrifuge 
L! Coredif Diffusion 1,800 Planned . 50,380 
1985 u.s.? Diffusion 2,000 Incr. Power Implementing CUP 52,380 
URENCO Centrifuge 1,400 Planned 53,780 
S. Africa Fixed wall 1,600 Planned 55,380 
to centrifuge 
| Coredif Diffusion 1,800 Planned . 57,180 
Japan Centrifuge 6,000 Planned, but should be 63,180 
considered conditional 
ite 1986 u.s.? . Centrifuge ' §50 Planned 63,730 
| S. Africa Fixed wall 1,800 Planned 65,530 
} centrifuge . 
URENCO . Centrifuge . 2,000 Planned 67,530 
1987 u.s.? : Centrifuge 2,750 ‘Planned 70,280 
rt URENCO Centrifuge 2,000 Planned 72,280 
LU 1988 u.s.? Centrifuge 3,300 Planned 75,580 
1989 u.s.? Centrifuge 2,200 Planned 77,780 
oh Coredif Diffusion 5,400 Planned, but should be . ' 83,180 
: . ; considered conditional 
Li “Information from references 12 and 13. 


Not included in this schedule are possible additions. to the U.S. enrichment capacity by private corporations, such 
= as Exxon Nuclear, Garrett and Centar; these may amount to as much as 10,000 MT SWU by 1990. 


“For Russia, this is a schedule of growth in enrichment sales availability and not necessarily of capacity expansion. 
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Table A-2. Other Isotope Separation Technologies 





A. Discarded Technologies 
Thermal Diffusion 
Electromagnetic (the Calutron Process) 
B. Developing Technologies 
Photo-Excitation Methods (Laser) 
Chemical Exchange Methods 
Aerodynamic Methods (Other Than the Becker Nozzle 
and the Fixed Wall Centrifuge) 
Plasma Based Processes 
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The discarded technologies listed in Table A-2 have been used to produce 
enriched uranium. 


A large-scale, liquid-phase, thermal-diffusion plant was constructed in 1945 
by the Manhattan Project.1% This plant produced very slightly enriched uranium 
(0.86%). Thermal diffusion is impractical for commercial enrichment of uranium 
isotopes because of its very high energy requirements. Compared to gaseous diffusion, 
the energy requirement is over 200 times greater. 


The electromagnetic or Calutron methods were used during the Manhattan Project 
to produce highly enriched uranium.!"% The process was discarded shortly after the 
more economical gaseous diffusion plant began operation. A brief description of the 
process follows. 


The Calutron Process involved the vaporization of a salt feed material, 
typically UC1,, from an electrically heated charge bottle through slots into an arc 
chamber where the salt was ionized by an electron beam which travels along the tines 
of flux of the magnet.. The ionized uranium, as the ut ion for the most part, passed 
through another slot where it was accelerated by other slotted electrodes into the 
vacuum tank which filled the pole area of a large electromagnet. The ions from the 
accelerating electrodes diverged several degrees from the slots and at the 90° point 
passed by some baffles as a rather thick beam. This beam was brought to a focus at the 
slots of a receiver system as curved lines by the shimmed magnetic field. In the 
large units, 96-in. beam diameter, there were up to four of these beams in a given 
tank. The divergent trajectories of the ions from the four sources intersected some 
few degrees from the accelerating electrodes and separated as distinct beams, again a 
similar distance from the receivers. There were various side beams of uci*, ut, and 
other ions which hit the baffles and the walls of the tank at a series of locations. 
The uranium content .of these beams condensed as various compounds of uranium. The 
product was, for the most part, converted to UC by interaction of the very high 
voltage uranium ions with the graphite of the receivers. Since, in even the most 
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efficient of the units developed, only about 22% of the feed was collected as product 
in a vaporization cycle of the feed, there were large amounts of uranium compounds to 
be recovered and recycled through the system. The chemical operations required were 
complex, but the amount of space and the number of workers required in the chemical 
function were always small compared to the requirements of the rest of the process. 
The processing of the receivers to recover the product uranium was a small scale 

but very demanding series of chemical procedures, 


The developing technologies listed in Table A-2 offer no current capability 
for producing kilogram quantities of enriched uranium. If any of them approaches 
commercial feasibility, they may provide enhanced opportunities for a clandestine 
enrichment operation. A brief description of each of these processes follows. 


Photoexcitation (Laser) Methods 


The development of high intensity narrow-frequency tunable lasers has raised 
the possibility of nearly complete isotopic separation in a single step. Thus, 
reactor grade and perhaps even weapons grade uranium could be produced in one pass 
through the apparatus. Such a single-stage process would allow for a much more compact 
enrichment plant, saving land area, capital investment and power consumption. 
These hopes have led to active research and development programs in the United States, 
the Soviet Union, Israel, France and possibly other countries. 


In the U.S. the development of laser enrichment is being pursued along two 
distinct lines. One line of development uses atomic uranium vapor as the source 
material for the laser excitation whereas the other line of development is pursuing 
excitation of molecular uranium hexafluoride. Each method has its virtues and 
defects. 


Laser Enrichment with Atoms.45 In the atomic enrichment process most often 
discussed, molten uranium is heated in an oven to about 2500°K. The atomic vapor 
emerges in the form of a long, thin ribbon into a highly evacuated region where it 
is illuminated by two visible or near-ultraviolet lasers. One laser is tuned to 
a transition from the ground state of uranium to-an excited state roughly halfway up 
the ladder to ionization. This is the isotopically selective step, and it is hoped 
that very high selectivities will be achieved here. 


The purpose of the second laser is to boost the excited 235U atoms to a level 
just below the ionization limit. This step need not be isotopically selective, and 
in principle the second laser could be used to ionize the atom directly. But ioniza- 
tion cross sections are generally about 1000 times smaller than resonant excitation 
cross sections, and so it is far more efficient to use a resonant transition to excite 
the atom to a state just below the ionization level and then to use either a static 
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electric field or an infrared laser pulse to pull the electrons off the atoms. Once 
the atoms are ionized, they can be separated from the neutral atoms in the beam by 
the use of electric or magnetic fields, or both. 


The major limiting factor in the above process is the density of atoms in the 
uranium "ribbon." There is an upper limit on the density and therefore on the rate 
of production of enriched uranium, because both excitation energy and jonic charge are 
very easily transferred to other atoms in collisions. Such collisions must be kept to 
a minimum if a high selectivity is to be obtained. 


Other technical difficulties in the development of the process are: 

a.. The corrosiveness of the uranium vapor. 
The presence of thermally excited or ionized atoms of 235U in the uranium vapor 
(at 2500°K, 55% of 235y atoms are not in the ground state). 

c. The potential for self lasing of the uranium vapor. 
Thermal ionization of 238U will seriously degrade the selectivity and thus 
limit the enrichment. . 

e. Lasers combining high energy density, rapid pulse repetition rate, high tuning 
precision, and long-term stability and reliability must be developed. 


Laser Enrichment with Molecules.!5 Gaseous UF, is used in all proposed schemes 
for molecular enrichment, since this is the only compound of uranium with a sizable 
vapor pressure at reasonable temperatures. Because the molecule contains seven atoms 
and exhibits a high degree of symmetry, it produces a complicated spectrum of 
vibrational and rotational excitations. The most interesting vibrational modes from 
the point of view of laser excitations are those which involve motion of the uranium 
atom and which therefore produce an oscillating electric dipole moment. Only these 
modes are likely to produce transitions from the ground state when excited by elec- 
tromagnetic energy. 


The low energies associated with these transitions lead to two serious 
problems for laser enrichment in UF,;. The first problem is the creation of an 
infrared laser with the correct frequency. The second problem is related to the 
high occupation numbers of the low-energy vibrational states at temperatures where 
UF, has a high vapor pressure. Because so many low-lying states are occupied, it 
is impossible to find a single excitation frequency that will be absorbed by most 
of the molecules. The presence of these so-called "hot bands" reduces the efficiency 
of the process very drastically. 


The second problem is easily solved, at least in principle, if warm UF, gas 
is passed through a supersonic nozzle. The effect of the expansion is to convert 
most of the kinetic energy of random motion of the gas in the reservoir into kinetic 
energy of translational motion of the gas in the nozzle. As the gas accelerates 
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through the nozzle, it becomes colder and the energy stored in the vibrational 
and rotational degrees of freedom of the molecules is reduced by intermolecular 
collisions in the narrow region just downstream of the slit. The molecules can 
now be illuminated by a laser beam which has been tuned to excite selectively 
molecules containing 235U. 


This technique yields the first step in the molecular isotope separation 
process; however, this selective excitation does not provide a way of segregating 
the excited molecules. To do this, considerably more laser energy must be absorbed 
by the molecules to get them to dissociate to 235UF; and fluorine. In theory, this 
energy can be provided by either an infrared or an ultraviolet laser. 


Since it is not necessary for either of these secondary processes to be 
isotopically selective, the primary demands on the ultraviolet or infrared lasers are 
related to their energy output and pulse repetition rates. In both cases considerably 
higher powers are required for the molecular than for the atomic processes because 
much larger numbers of molecules can be processed in the same period of time. This 
high power requirement follows because the density restrictions apparently are 
less severe for molecules than for atoms. 


The dissociated product must still be physically separated from the undissociated 
material and substantial ‘recombination could occur if the recombination probabilities 
for UF; and F are high. , 


As with the atomic process, the molecular process must also overcome formidable 

technical difficulties before it becomes a feasible production process. Some 

of these obstacles are: 

a. The high probability of resonant vibrational energy exchange between the 235uUF, 
and the 238UF¢. 

b. The recombination of dissociated molecules. 

c. An. infrared high-powered laser . r Aunable to the required wave length for the primary 
excitation must be invented. : 

d. The secondary laser must satiety the combined demand of high pulse energy, rapid 
repetition rate and high efficiency. 

e. The rapid and efficient separation of the dissociated product from the depleted 
tails. 


-Bhenteal Exchange Methods 


The use of a chemical aschahGe system to ‘separate metal ieotanse has been under 
investigation in the U.S. for several years. In addition to work in the U.S,, the 
French recently have made allusions to similar research. It has been shown that calcium 
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isotope enrichment can be accomplished using a simple extraction process involving 
the relatively new class of compounds known as polyethers. Work is underway to 
determine whether a similar process could be used for uranium isotope enrichment. 


The electron exchange equilibrium between U(IV) and U(VI) may result in a 
significant isotope enrichment. The extraction of a single uranium cation without a 
valence change yields a small isotope effect which by itself would have no practical 
use. Combining the two processes leads to a potentially economic process for uranium 
isotope enrichment. 


The electron exchange reaction which occurs in the aqueous phase can be 
described by Equation 1: 


2354+ 4 238yQ,2+ — 238y4+ + 235Y9,2+ qa) 


This reaction was reported to have an a = 1.0014 with 238U concentrating on the U(IV) 
ion. The solvent extraction exchange reaction of the U(VI) ion can be described by 
Equation 2: 


235 2+ 238 238 2+ 235 
02 (ag) + PUD aL (ogy & SUO2™ (ag) + “U2 (org) (2) 


Although the a for Equation 2 is unknown, theory and experience predict that 738 
will concentrate in the aqueous phase. The constructive nature of the two processes 
might, therefore, be expected to result in an a suitably large to be the basis of a 
uranium isotope enrichment process. 


From a chemical standpoint, several problems immediately appear as critical 
ones. Obviously, one needs an extractant which will separate U(IV) and U(VI). It 
must operate under some very specific conditions set by other portions of the system. 
In order to form the basis of a useful process, the electron exchange reaction in 


Equation 1 must have a half-time, t,, on the order of a few seconds. Also, the exchange 
2 


reaction shown in Equation 2 must be rapid. Both these reactions must, therefore, be 
well understood. Finally, it must be demonstrated that a sufficiently large a exists 
under these conditions. - 


Based on these exchange reactions and based on a reasonable value of a (between 
1.0014 and 1.002), countercurrent liquid extractors can be set up into a cascade 
arrangement. Further assuming that the exchange reactions and the a are independent 
of the relative concentrations of 235U and 238y, estimates of the equilibrium time to 
achieve 3% enrichment range from approximately three months to one year. To achieve 
90% enrichment, the equilibrium time may range from 3 to 30 years. , 
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Aerodynamic Methods 


Both the separation nozzle and the stationary-walled centrifuge can be 
classed as aerodynamic processes. These are considered to be competitive processes 
by their proponents and plans for their implementation are well advanced. Research 
efforts have been directed at several other aerodynamic methods such as the vortex 
tube, the separation probe, crossed beams, velocity slip and the jet membrane. None 
of these appear at the present time to offer the promise of the two aforementioned 
aerodynamic processes, although an expanded effort is proceeding on the jet membrane 
process. Commonly known as the Muntz-Hamel process, it involves the penetration of 
a stream of UF, gas into an expanding jet of easily condensible carrier gas. The 
lighter ?35UF, molecules penetrate the jet more easily than the heavier 238UF, 
molecules. A tube placed on the axis of the jet collects the enriched UF,. The 
depleted UF, flows out of the other end of the scattering chamber, after the carrier 
gas is separated from it by condensation. 


Plasma-Based Processes 


Since a plasma can be made to rotate at speeds greater than that of an ultra- 
centrifuge, it occurred to various investigators that such high speed gas rotation 
without the use of revolving equipment might possibly be developed into a more 
efficient isotope separation process than that based on a mechanical centrifuge. 

Five papers on this topic were presented at the International Conference on Uranium 
Isotope Separation in London in March 1975. The authors' assessment of the prospects 
for such a process ran the gamut from highly optimistic--technology is simple and well 
known so that minimal development will be required--to pessimistic--a rotating plasma 
process cannot possibly be economically competitive. To our knowledge, no one has 
separated uranium isotopes by means of the plasma centrifuge. 


Since that time, several other plasma-based processes have been proposed. Of 
all these processes, the currently most feasible seems to be the Plasma Ion Enrichment 
process (the Dawson separation process). In this process a plasma of UF, (or of 
uranium atoms) within a strong uniform magnetic field is exposed to a low energy 
radio-frequency wave resonant with the cyclotron frequency of the 235UF, ions. The 
rotation thereby imparted preferentially to the 255UF, ions enables the 235U to be 
separated from the 238U by properly placed collection plates. 


This method has been used successfully to enrich macroscopic samples of po- 
tassium.16 The collector was a cooled tungsten ribbon having a voltage bias to 
collect selectively the excited ions. The potassium vapor was contact ionized at 
the entrance to the mass spectrometer. To eliminate spurious effects, samples were 
collected under three conditions of rf excitation: .(1) no rf; (2) excitation at the 
39K cyclotron frequency; and (3) excitation at the “!K cyclotron frequency. The 
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resulting ratios of 41K/33K abundance as measured by the mass spectrometer were, 
respectively, 0.07 (the natural abundance), 0.02 and 4. The abundance ratio of 4 
corresponds to a more than tenfold enrichment of "1K. 


In addition to potassium ions, work has been done on neon, argon, xenon and 
uranium toward resolving the ion cyclotron resonances for individual positive ions. 


The work with uranium is proceeding toward estimates of realistic operating parameters 
(ion densities, magnetic field strength, isotopic excitation energies, device length, 


ion temperatures, and collector types). 


A second process involves the achievement of a UF, plasma by chemi-~ionization. 


UF, molecules are accelerated by expansion with an inert carrier gas through a 
supersonic jet. A cross beam of alkali metal molecules results in the formation of 
NA* or Cst and UF,e~. A radio-frequency quadrupole mass filter deflects the 238UF, 
out of the plasma beam, permitting the separation of the two isotopes by collection 
of the two beams on separate baffles cooled by liquid nitrogen. This process seems 
to have less potential than the first. 


Comparison of Advanced Separation Processes 


The estimated costs of the processes mentioned are compared in Table A-3 
with that of gaseous diffusion. With two exceptions, the table is based on process 
evaluations made by the Nuclear Division of the Union Carbide Corporation'” for 
ERDA. For the exceptions, which are the FRG's separation nozzle and South Africa's 
stationary-walled centrifuge, the comparison is based on published statements by the 
developers of the process. Of all the processes listed, only the costs for the 
centrifuge, and possibly for the separation nozzle, are known with any degree 
of certainty. 
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Table A-3. Comparison of Process Economics 


Ee are 


j Operating 
Specific | Costs 
Capital Power Other Than 
Investment Cost Power 
Centrifuge , he < > 
Separation Nozzle* < > Pa 
Stationary-Walled Centrifuge* a & ? 
LIS-Atomic < < > 
LIS-Molecular < < > 
Ch. Exchange: ulY(aq)-u¥! (org) = < > 
Other Aerodynamic Processes > > 2 
Plasma: Chemi-ionization > < > 
Plasma Ion Enrichment (Dawson Process) < < > 
*Based on estimates made by the process developers. 
DEFINITION OF SYMBOLS: 
cS Approximately equal to the diffusion process. 
>3< Greater than or‘less than the diffusion process, respectively. 
? Unknown. 
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Appendix B. ECONOMIC DATA BASE USED FOR EVALUATIONS OF 
NUCLEAR POWER SYSTEMS 


M. R. Shay, D. R. Haffner, W. E. Black, T. M. Helm, 
W. G. Jolly, R. W. Hardie, and R. P. Omberg 
Hanford Engineering Development Laboratory 


The economic data base used in the assessment of the impact of denatured fuel cycles in 
the various nuclear systems options described in Chapter 6 was jointly developed by Combustion 
Engineering, Oak Ridge National Laboratory, United Engineers and Constructors, Argonne 
National Laboratory, Resource Planning Associates, Hanford Engineering Development Laboratory, 
DOE Division of Uranium Resources and Enrichment, and DOE Division of Nuclear Research and 
Applications. The data base includes capital costs, operation and maintenance costs, fuel 
fabrication and reprocessing costs, capacity factors, money costs, and uncertainties. 


The deflated and present-valued capital costs for LWRs, SSCRs, HTGRs, CANDUs, and FBRs, 
excluding interest during construction, are shown in Table B-1. The same capital costs 
including interest during construction are shown in Table B-2. In either case, the stream of 
expenses incurred during the construction of the plant is discounted to the date of startup 
and is measured in dollars of constant purchasing power. The uncertainty ranges included in 
Table B-2 represent current best estimates of the most probable variations in capital costs. 
For flexibility, the uncertainties are expressed relative to the reference LWR capital cost. 


Table B-1. Capital Costs of Power Plants The operation and maintenance costs 
Excluding Interest During Construction | for the same power plants are shown in 
Power Plant Type Costs ($/kWe)* Table B-3. The higher costs for the SSCR 
and the CANDU over the standard LWR are due 
LWR 500 to the heavy water replacement requirement 
SSCR 520 + 39 (for D.0) = 558 and the necessity for performing some 
HWR 605 + 156 (for D>0) = 761 maintenance in atmospheres containing 
HTGR 560 to 580 tritium. Additional minor reactor costs 
FBR 625 to 875 are given in Table B-4. 


“Based on 7/1/76 dollars. 


Table B-2. Captial Costs of Power Plants Including Interest During Construction 





Power Plant Cost Cost Relative _ Cost 





Type ($/kWe)* to LWR Cost Uncertainty 

LWR 625 95% to 105% reference cost 
SSCR 650 + 40. (heavy water) = 690 +10% 105% to 120% of LWR cost 
HWR 755 + 160 (heavy water) =-915 +46% 120% to 150% of LWR cost 
HTGR 715 . +14% 105% to 125% of LWR cost 
FBR 800 +28% 125% to 175% of LWR cost 





*Based on 1/1/77 dollars. 
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The fuel fabrication costs for the various reactor types are shown in Table B-5 as a 
function of time beginning with the expected introduction date for a particular reactor and 
fuel design. If a particular reactor and fuel design should prove successful, fabrication 
costs should decrease as larger plants with higher throughput rates are constructed. The 
decrease in fabrication costs over the first decade after introduction is simply indicative 
of a transition from smal] fabrication plants with high unit costs to larger fabrication 
plants with lower unit costs. These costs are a strong function of the fissile isotope and 
a weak function of the fertile isotope. The sensitivity to the fissile isotope is caused 
either by the spontaneous fission associated with high-exposure fissile plutonium or by the 
gamma activity associated with high-exposure 233y. The costs are based on the assumption 
that fuels containing 235u are fabricated on a Tine with contact operation and contact 
maintenance, fuels containing fissile plutonium are fabricated on a line with remote 
operation and contact maintenance, and fuels containing 2330 are fabricated on a line with 
both remote operation and remote maintenance. The expected variations in fuel fabrication 
costs (cost uncertainties given in footnote b of Table B-5) represent the upper and lower 
cost boundaries anticipated for fabrication costs and are expressed as percentages. For 
example, the expected fabrication cost for plutonium-bearing LWR fuel with uncertainties 
applied ranges from $306 per kg HM (-10% of reference) to $510 per kg HM (+50% of: reference) 
for year 2001 and beyond. i 


The expected reprocessing costs are 
Table B-3. Power Plant Operation shown in Table B-6. These costs were obtained 
and Maintenance Costs by estimating the capital and operating costs 
{ [Fixed +(Variable x Capacity Factor®) JxPower} associated with each of five stages of the 
- reprocessing process. The stages were: 
headend, solvent extraction, product conver- 


; Fixed Cost F 
Power Plant Type  ($/kWe-yr) Variable sion, off-gas treatment, and waste treatment. 
The costs are shown as a function of time 
LWR 3.6 1.9 reflecting the transition from a new industry 
SSCR 4.8 1.9 consisting of small plants with high unit 
: costs to a mature industry consisting of 
HWR 8.4 1.9 


larger plants with lower unit costs. The 
HTGR 3.6 1.9 expected costs for spent fuel shipping, waste 
shipping,.and waste storage are also included 


FBR 4.1 2.3 
in Table B-6, as well as the total costs for 

*See Table B-9 for capacity factors. all these processes. The total cost uncer- 
»Based on 1/1/77 dollars. tainty factor for all fuel types is estimated 
to be a 50% increase for the reference values. 
Thus, the total reprocessing cost for LWR fuel 
Table B-4. Minor Reactor Costs with the uncertainty included ranges from $220 

to $330 per kg HM for year 2001 and beyond. 

Property Insurance Rate 0.0025 It should be noted that it is assumed here. 
Capital Replacement Rate 0.0035 that a policy decision will have been made in 


time for the first reprocessing plant to be 
Nuclear Liability 58 x 10% $/yr in operation by 1991. Al] fuel discharged 
From the reactor prior to this date is 
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Table B-5. Reactor Fuel Fabrication Costs* 
Cost ($/kg HM)? Over First 
Decade After Introduction 
100 (1969 + 2089)° 
230 (1987) + 140 (1997) 
880 (1991) + 550 (2001) 


Reactor Type 
LWR-U5(LE)/U 
LWR-U5(DE)/U/Th 
LWR-U3(DE)/U/Th 


LWR-Pu/U 550 (1991) + 340 (2001) 
LWR-Pu/Th 550 (1991) + 340 (2001) 
SSCR-U5(LE)/U 100 (1991 + 2089)¢ 
SSCR-U3(DE)/U/Th 880 (1991) + 550 (2001) 
SSCR-Pu/Th 550 (1991) + 340 (2001) 
HWR-U5(NAT)/U 60 (1995 + 2089)¢ 
HWR-U5 (SEU) /U 60 (1995 + 2089)¢ 


HWR-U5(DE)/U/Th 140: (1995) + 85 (2005) 
HWR-U3(DE)/U/Th 560 (1995) + 350 (2005) 
HWR-Pu/U 320 (1995) + 200 (2005) 
HWR-Pu/Th 320 (1995) + 200 (2005) 
HTGR-U5(LE)/U 


HTGR-U5(DE)/U/Th 
HTGR-U5(HE)/Th 


C/Th + U = 150 340 fi +210 (2005) 
C/Th + U = 238 500 (1995) + 300 (2005) 
C/Th + U = 335 660 (1995) + 400 (2005) 
C/Th + U = 400 760 (1995) + 470 (2005) 
C/Th + U = 650 1220 (1995) + 770 (2005) 
HTGR-U3(DE)/U/Th 
HTGR-U3/Th 
C/Th + U = 150 860 (1995) + 470 (2005) 
C/Th + U = 238 1220 (1995) + 670 (2005) 
C/Th + U = 335 1640 (1995) + 900 (2005) 
C/Th + U = 400. 2000 (1995) + 1100 (2005) 
C/Th + U = 650 3200 (1995) + 1750 (2005) 
HTGR-Pu/Th 
C/Th = 238 1220 (1995) + 670 (2005) 
FBR-Pu-U core 1750 (2001) + 950 (2011) 
FBR-Pu-Th core 1750 (2001) + 950 (2011) 
FBR-U3-U core 3000 (2001) + 1650 (2011) 


FBR-U axial blanket 35 (2001) + 25 - (2011) 
FBR-U radial blanket © 250 (2001) + 150° (2011) 
FBR-Th axial blanket 35 (2001) + 25. (2011) 


FBR-Th radial blanket 250 (2001) + 150 (2011) - 


[Fabrication costs based on the following: for LWR 
and SSCR, a 17 x 17 pin assembly (374-mi1-0D pin); 
for the HWR, a 37-pin CANDU assembly »20 in. long 
(531-mi1-0D pin); for the HTGR, standard carbon- 


- coated uranium carbide fissile microspheres formed 
“Into cylindrical rods located in a hexagonal gra-. 


phite block; and for. the FBR, a 217-pin assembly 
in a hexagonal duct (310-mi1-0D pin). 
Puncertainities on fabrication costs: 235U-bearing 
fuels, no uncertainty; Pu-bearing fuels, -10% to 
50% increase; 233U-bearing fuels, -10% to 50% 
increase. 


“Costs assumed to remain constant. 


assumed to have been stored, with the 

spent fuel stockpile being reduced in an 
orderly manner after the advent of repro- 
cessing. After the spent fuel stockpile 

has been reduced to zero, the out-of-reactor 
time required for reprocessing and refab- 
rication is assumed to be two years. 


The Yong-run marginal costs estimated 
for U30g ore as a function of the cumulative 
supply are shown in Table B-7. As noted in 
Chapter 6, the U30g estimates have been 
provided by DOE's Division of Uranium 
Resources and Enrichment (URE), the high- 
cost supply being based on the assumption 
that approximately 2.5 million tons of U30, 
will be available from conventional uranium 
ore resources and the intermediate~cost 
supply being based on the assumption that 
approximately 4.5 million tons of U30, 
will be available. In either case, it is 
assumed that shales can be mined after the 
conventional resources are depleted. The 
cost of extracting the shales increases 
from $125/1b to $240/1b for the high-cost 
supply case and from $100/1b to $180/1b 
for the intermediate-cost supply case. It 
is important to note that the long-run 
marginal costs shown in Table B-7 are larger 
than the forward costs shown in Table 6.1-1 
of Chapter 6 because the long-run marginal 
costs contain the capital cost of facilities 
currently in operation, plus a normal profit 
for the. industry. The long-run marginal 
costs are more appropriate for use in a 
nuclear strategy analysis. 


The enrichment costs and tails 
compositions assuming either a continuation 
of the gaseous diffusion technology or the 
deployment of an advanced enrichment tech- 


.. nology are -shown.in Table B-8. -It was 


assumed that if the gaseous diffusion 
technology is continued the tails composi- 
tion will be stabilized at 0.0020 and that 
the cost of enrichment will increase to 
$80/SWU in 1987 and remain constant there- 
after. If an advanced enrichment technology 
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Table B-6. Reprocessing, Shipping, and Waste Storage Costs for Various Reactor Types 


Costs ($/kg HM) 


Reactor — Reprocessing Costs Spent Fuel Waste Shipping Waste Storage Total Costs 
Type Over First Decade@ Shipping Costs . Costs Over First Decade 
Costs After Introduction? 
LWR 225 (1991) + 150 (2001) 15 10 45 295 (1991) + 220 (2001) 
SSCR 225 (1991) + 150 (2001) 15 10 45 295 (1991) + 220 (2001) 
HWR 225 (1995) + 150 (2005) 10 5 15 255 (1995) + 180 (2005) 
HTGR 800 (1995) + 400 (2005) 85 35 65 985 (1995) + 585 (2005) 
FBR 500 (2001) + 200 (2011) 80 50 Tis 745 (2001) + 445 (20171) 


2Fissile storage costs after reprocessing = $2/g-yr for ?7°U and fissile plutonium. 
Total costs for throwaway cycle are spent fuel shipping costs plus a HM. 
50% uncertainty on total costs for all reactor types. 


is deployed, the tails composition would decrease continuously from 0.0020 to 0.0010 between 
the years 1980 and 2000 as the installed capacity of the advanced technology increased, and 
the cost of a unit of separative work would decrease to approximately 60% of that of the 
gaseous diffusion process, It was also assumed that the tails composition would further 
decrease from 0.0010 to 0.0005 between the years 200] and 2030 due to improvements in 
technology, while the cost of a unit of enrichment would remain constant during this period. 
The tails composition and enrichment cost were assumed to remain constant thereafter. 


The capacity factors of a plant throughout its 30-yr lifetime are shown in Table B-9. 
The capacity factor increases from 60% to 72% during the first 3 yr of operation and remains 
at 72% during the subsequent 14 yr. It then decreases continuously as the forced outage 
rate increases and as the plant is shifted from a base-load unit to an intermediate-load unit. 


The long-term real cost of money to the electric utility industry is shown in Table B-10. 
These costs were developed by analyzing the deflated cost of debt and equity to the industry 
over the past 30 yr. The long-term deflated cost of debt has been 2.5%/yr and the long-term 
deflated cost of equity has been 7.0%/yr. Assuming the industry to be funded at approximately 
55% debt and 45% equity, the long-term real money cast is approximately 4.5%/yr. 


The combined effects of capital, fuel fabrication, and reprocessing (or permanent 
disposal} cost uncertainties on the levelized total power costs for individual reactor and 
fuel cycle options are shown in Fig. B-1. These costs represent typical nonfuel components 
whose uncertainties are easily quantified. Figures B-2a and 8-2b show the relationship of 
total power costs to the U0, price for four reactors on the throwaway fuel cycle. The 
sensitivity of the total power costs to the U3;0, price was analyzed first by assuming that 
the price remained constant over the 30-yr life of the reactor, and second by assuming that 
‘the price increases in relation to the rate of consumption (see Fig. B-3).. Thus, the total 
power costs in Fig. B-2b are given for a reactor starting up with the U30g price shown on 
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Table B-7. Marginal Costs of U30, as Table B-8. Tails Composition and 
a Function of Cumulative Supply2-> Enrichment Costs 
Long-Run : 
Quantity of U30, Marginal Cost Simeon tise 
($/1b)} : : 
<<. 30" tons} A Time (235U Fraction) Cost ($/SWU) 
Intermediate-Cost U30, Supply 
: F 
0.0 - 0.25 14 Gaseous Diffusion Technology 
0.25 - 0.75 23 1969 to 1976 0.0020 50 
0.75 - 1.25 33 1977 to 1986 0.0020 75 
1.25 - 1.75 44 1987 to 2089 0.0020 80 
1.75 - 2.5 53 Advanced Technology 
2.5 - 3.5 61 
1969 to 1976 0.0020 50 
3.5 - 4.25 80 
1977 to 1980 0.0020 75 
4.25 - 4.75 107 
1981 to 2000 0.0020 to 0.0010 75 to 55 
aan ie 2001 to 2030 0.0010 to 0.0005 55 
5.25 - 5.75 143 : gained i 
2031 to 2089 0.0005 55 
5.75 - 6.0 165 
6.00 - 8.5 165 
above 8.5 180 Table B-9. Plant Capacity Factors 
High-Cost U30g Supply Year CF(%) Year CF(%) 
0.0 - 0.25 14 
0.25 - 0.75 24 1 60.0 20 65.7 
0.75 - 1.25 35 2 66.0 21 64.1 
1.25 - 1.75 54 3 72.0 22 62.6 
1.75 - 2.25 84 4 72.0 23 61.0 
2.25 - 2.75 128 . : 24 59.4 
2.75 - 3.00 158 . . 25 57.9 
ot nnn nn nnn nn nn nn nnn nnn nn nee ene 15 72.0 26 56.3 
3.00 - 3.25 158 16 72.0 27 54.7 
3.25 - 3.75 173 17 70.4 28 53.1 
3.75 - 4.25 180 18 68.9 29 51.6 
4.25 - 4.75 180 19 67.3 30 50.0 
4.75 - 6.5 210 
above 6.5 ; 240 
Table B-10. Long-Term Real Costs of Money 
2for those cases in which plant selection Debt Interest 2.5% 
was determined by uranium utilization a limit , ; 
of 3 million tons of ore are assumed at Equity Interest 7.0% 
below $150/1b U3,0g for the high-cost U30, 
supply and 6 million tons for the inter- Fraction Debt 0.55 
mediate-cost supply. ‘ 
Ecost of converting U3;0g to UF, = $3.50/kg Fraction Equity 0.45 
f Uz 
Effective Interest Rate 4.525% 
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Fig. B-1]. Sensitivity of Total Levelized Power Cost to Capital, Fabrication, and 
Reprocessing Cost Uncertainties. 


the abscissa. The major difference between the two methods of analysis is the U30g price at 
which reactor options incur the same total power cost. For example, whereas at a constant 
Us price the PWR and HWR options have the same power generation cost at »~ $160/1b UXs 

for an increasing U303 price they have the same cost at ~ $130/1b U20g. 


From the data shown in Fig. B-1 it is clear that the total power cost for each reactor 
and fuel cycle option is dominated by uncertainties. The uncertainty effect produces a 


’ significant overlap between reactor power costs. In addition, it is evident from Fig. B-2 


that fuel costs, viz., U30g prices, also significantly affect not only the levelized power 
costs but also the competitive relationship between reactor options. Therefore, it is 
difficult to classify reactors as either more economical or less economical based solely on 
power generation cost estimates. 
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(a) U30g price constant over 30-yr reactor life. 
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(b) U3, price increases with rate of consumption. 
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Fig. B-2. Effect of U30g Price on Total Power Cost for Reactors Operating on 
Throwaway Cycle. 





B-8 


180 


70 


50 


40 
YEAR 


Time-Dependent Behavior of U30, Price. 


20 


Fig. B-3. 


10 


160 
40 


&§ 8 8 3 & 


avs ‘3DIud 80fn 


20 





Cc fc cl CC 7 





sae Gitex | WS UE. «8 A UE ES ee Ee 





Appendix C. DETAILED RESULTS FROM EVALUATIONS OF VARIOUS NUCLEAR 
POWER SYSTEMS UTILIZING DENATURED FUEL 


M. R. Shay, D. R. Haffner, W. E. Black, T. M. Helm, 
W. G. Jolly, R. W. Hardie, and R. P. Omberg 
Hanford Engineering Development Laboratory 


This appendix presents detailed results from the calculations performed for the 
economic/resource evaluation of denatured nuclear reactors operated in concert with other 
reactors to form nuclear-based power generation systems. For purposes of comparison, it 
also presents results for similar systems that do not utilize denatured fuel. 


As pointed out in Chapter 6, nine different nuclear policy options were examined with 
four cases under each option. The resulting cases can be classified as shown in Table C-1,. 
where the letters L, S, G, and H indicate the thermal converter option employed in each case. 
For all cases identified with an L, the only converters used are LWRs. For cases identified 
with an S, SSCR converters are used in addition to LWRs. Similarly, for cases identified 
with H and G, the converters used are HWRs and HTGRs respectively, both again in combination 
with LWRs. Under Options 3, 6, 7, and 8, FBRs are also included in the nuclear systems. 
In addition to these 36 cases, Case IL was recalculated for a standard LWR alone; that is, 
the LWR with an extended discharge exposure, which is included in Case IL, was eliminated 
from the system. This case is identified in this appendix as Case IE. 


Table C-1. Nuclear Policy Options* 
i ee ee gs ae SS 


Options LWR SSCR HTGR HWR 
ee ek Se ee 
Throwaway Option (1) IL 1S 1G 1H 
Pu/U Options 

With Converters Only (2) 2L 2s 26 2H 


With Converters and Breeders (3) ~  3L 3S 3G 3H 


Denatured Uranium Options with 
Converters Only 


Plutonium Throwaway (4) : 4t 4S 4G 4H 
Plutonium Miminization (5U) SUL 5US 5UG 5UH 
Plutonium “Transmutation" (5T) 5TL - BTS 5TG 5TH 


'- Denatured Uranium Options with 


Converters and Breeders 


Light "Transmutation” Rate (6) 6L 6S 6G 6H 
Light "Transmutation" Rate, Denaturéd : . 
- Breeder (7) _ 7L 7S 7G 7H 


Heavy “Transmutation" Rate, Denatured 


Breeder (8) 8L 8S 86 8H 


i 8 et 
*See Table 6.1-5 in Chapter 6 and Tables C-2 and C-4 in this appendix for identification 


of specific reactor types in each case. 
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In all cases the reactors operating on plutonium or on highly enriched uranium were 
assumed to be restricted to secure energy centers, while those operating on Jow-enriched, 
slightly enriched, natural, or denatured uranium were permitted to operate outside the 
centers. The specific reactors used for each case, and their locations, are given in 
Table 6.1-5 of Chapter 6. . 


an cases were run assuming 350 GWe of installed nuclear capacity in the year 2000 
and a net increase in installed capacity of 15 GWe per year thereafter. Each new plant was 
assumed to have a 30-yr lifetime. For Option 1, some additional cases were run for a lower 
energy demand -- 200 GWe in the year 2000 and a net increase of 10 GWe per year thereafter. 
These latter cases are identified with a C following the case number (i.e., cases ILEC, ILC, 
etc.). 


In the results presented here, particular emphasis is given to uranium utilization, 
separative. work utilization, and energy-support ratios. Two important criteria are to be 
considered when analyzing uranium utilization of reactor systems. The first is the ability 
of the system to meet the specified nuclear energy demand with the available U30¢8 supply. 

For these calculations two different supplies were assumed: 3 million and 6 million ST below 
$160/1b U30g, Corresponding to a high-cost and an intermediate-cost supply, respectively. 

(As shown in Appendix D, nuclear power plants do not compete well at higher U30, costs.) 

The second criterion is the capability of the uranium industry to discover, mine and mil] the 
ore at a rate adequate to satisfy the demand for uranium. The specification of the overall 
maximum production rate is difficult to postulate because of the possibility of importing 
U30, and because of the difficulties that might be encountered in developing uncertain 
resources. As pointed out in Section 7.4.4 of Chapter 7, the DOE Uranium and Enrichment 
Division has estimated that by developing known and potential reserves domestic mining and 
milling could sustain 60,000 ST of U30g per year. 


When analyzing enrichment utilization, the same two criteria - total amount and enrich~- 
ment capacity ~ were also used, the more meaningful being the capacity since enrichment is 
not a limited natural resource like uranium. 


For the cases in which 3 million ST of uranium below $160/1b U30g was assumed, the 
lack of low-cost U30g dominates-the plant selection because the amount of ore available is 
inadequate for meeting the projected nuclear energy demand. As a result, resource-efficient 
reactors are constructed regardless of their cost. With a U30, supply below $160/1b as 
large as.6 million ST, however, most systems are no longer dominated by the lack of U;0,, 
and the relative total power costs of the individual reactors play.a.more important role. 

In fact, if the system is not limited in any way by the supply of U30g, then the solution is 
determined solely by economics. The results in this case become more tenuous because of the 
uncertainty in capital costs, fabrication costs, reprocessing costs, etc. 


The cumulative nuclear capacities that could be constructed through the year 2050 
for the various cases are shown in Table C-2. Only those cases totaling 1959 GWe will have 
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Table C-2. Cumulative Nuclear Capacity Built Through Year 2050 with 
Various Nuclear Policy Options 


(Adequate Capacity = 1959 GWe) 


Advanced Option Capacity (GWe) 
Converter 
Option 1Ex 1 2 3 4 5U 5T 6 7 8 
High-Cost U30. Supply 
rin $s $72 594 953 1959 945 1205 1027 1959 1959 1947 
(L) ; : 
sey $s - 607 1043 1959 1071 1423 1275 1959 1959 1943 
wing - 667 987 1959 1334 1747 1505 1959 1959 1959 
we 's - 603 1417 1959 855 1064 1004 1950 1959 1791 
Intermediate-Cost U3;0, Supply 
rit 1135 1193 1783 1959 1852 1921 1864 1959 1959 1956 
L 
Bi 's - 1271 1937 1959 1943 1959 1959 1959 1959 1959 
arith - 1497 1921 1959 1943 1959 1959 1959 1959 1953 
ath - 1320 1959 1959 1794 1924 1844 1959 1959 1959 


*System with standard LWR only. 


met the projected nuclear demand under the criteria of an installed capacity of 350 GWe in 
year 2000 and an increase of 15 GWe per year thereafter.* With the high-cost U30g supply 


some of the systems fall far short of satisfying the demand; in fact, the only nuclear systems 
that fully meet the demand are those including FBRs (Options 3, 6, 7, and 8). The throwaway 
option, in particular, builds less than a third of the desired nuclear plants. Of the cases 
that do not include FBRs, those employing HWRs come closest to meeting the demand. One HTGR 
case (2G) is also clearly superior to most of the other cases. This is to be expected since 
Case 2G includes traditional HTGRs that are fueled with highly enriched 235U and also with 
233Y/Th,. “7 : ; 


A doubling of the economic U30g supply to 6 million tons allows many more nuclear 
system options to meet the projected ‘nuclear energy demand. In fact, only the throwaway 
option has cases that don't even come close to satisfying the demand. None of the Option 4 


‘cases meet the demand either; however, Cases 4S and 4H are within 16 GWe-of the demand. 
~ All other systems have at least one.advanced converter option -that builds the desired 


1959 GWe of energy. It should be emphasized that for the systems where the demand was met 
with the high-cost U30, (i.e., the systems-with FBRs), a doubling-of the ore supply means 


that the ore supply is no longer the sole constraint and plant selection is based on economics. 


*NOTE: Since this is a 50-year span, some of the reactors built in the first few years 
will have been decommissioned after having operated 30 years. 





i 
i 
| 
| 
| 
i 





Table C-3, Utilization of U30g Ore and Enrichment Through Year 2050 with 
Various Nuclear Policy Options 


converter U,0, UtiTization (tons U,0,/GWe)/Enrichnent Uttliaation (million SKU/GWe) 

Option 1E* 1 2 3 4 5U ST 6 7 8 
/ High-Cost U;0, Supply ; : 
LUR's $236 5042 3138 1497 3165 2480 2908 1512 1514 1525 
(L) 3.08 3.08 2.08 0.92 2.70 2.12 2.06 1.03 1.08 1.17 
SSCR's - 4931 2864 1492 2793 2098 2340 1487 1487 1528 
(S) - 2.83 1.76 0.87 2.38 1.79 1.69 . 0.95 0.95 1.01 
: HWR's - 4489 3027 1391 2243 1707 1983 1345 1314 1520 
(H) - 2.18 1.37 0.99 1.78 1.33 0.90 0.96 0.94 1,00 
HTGR's - 4963 2105 1505 3497 2807 2974 1503 1496 1666 
(6) - 3.10 1.71 1.18 2.75 2.22 2.10 1.02 1.01 1.20 

Intermediate-Cost U3;0, Supply 

LWR's §236 4973 3188 2758 3103 2957 3037 2733 2733 2798 
(L) 2.95 2.92 1.75 1.45 2.46 1.86 1.97 1.88 1.58 1.61 
SSCR's - 4657 2820 2711 2844 2511 2511 2511 2511 2511 
(Ss) - 2.43 1,36 1.87 2.03 1,34 1.34 1.34 1.84 1.34 
HWR's - 3916 2894 1398 3030 2431 2475 2195 1392 1924 
(H) - 1.40 1.22 1.00 2.10 1.56 1.58 1.32 0.99 1.23 
HTGR's - 4478 2683 2680 3172 2865 3055 2683 2682 2698 
(6) - 2.89 1.61 1.60 2.21 1.77 1.77 1.58 1.58 1,62 





*System with standard LWR only. 


Uranium and enrichment utilization for the various cases are shown in Table C-3. The 
uranium utilization values are the total amount of uranium consumed plus the forward commit- 
ment per GWe of nuclear power constructed through the year 2050. The enrichment utilization 
values are the total amount of separative work units required through the year 2050. 


As pointed out above, for the cases for which only 3 million ST U30g was assumed to 
be available below $160/1b, the ore is the limiting factor. Comparing Case ILE with Case IL 
gives the savings in ore on the throwaway cycle as a result of introducing the extended 
exposure LWR -- less than 4% in ore and none in enrichment. Cases IL, 1S, 1H, and 1G 
compare the relative ore and enrichment utilization of the various advanced converter options 


“on the throwaway cycle. The HWRs clearly offer the greatest savings in both ore and 


enrichment. Compared with LWRs, the HWRs reduce ore requirements by over 10% and SWU 
requirements by almost 30%. In contrast, the SSCRs only offer a 2% ore savings and an 8% 
enrichment savings. The HTGRs reduce the ore usage by less than 2%, with about the same | 
enrichment requirements. The impact on ore utilization of the SSCR, HWR, and HTGR advanced 
converters on the throwaway cycle is less than might be expected. The reason for the minimal 
effect is because most of the 3 million ST of U30g has already been committed to LWRs 

before enough advanced converters can be built. to have much influence. 


Allowing the recycle of fuel in thermal reactors (Option 2) results in significant 
savings in ore compared to the throwaway cycle ~- almost 60% for the HTGRs and from 30 to 
40% for the other converters. For this nuclear policy option and the high-cost U30g supply, 
the HTGR clearly has the best ore utilization, although the HWRs have better enrichment 
utilization. 
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The introduction of the classical Pu-U/U FBR in Option 3 results in an additional ore 
and enrichment savings of about a factor of two from that in Option 2 except for the HTGRs. 
Note, however, that in Option 2 the HTGRs already had a low ore and enrichment usage. In 
Option 3 all the advanced converter cases have about the same usage. 


Recycling uranium in denatured reactors and throwing the plutonium away (Option 4) © 
requires enrichment about halfway between Options 1 and 2. Compared with the classical 
recycle of plutonium in thermal reactors (Option 2), Option 4 consumes roughly the same 
quantity of uranium with LWRs and SSCRs. That is, the increased worth of 233U in LWRs and 
SSCRs is nearly balanced by throwing away the plutonium. The requirements for HWRs, however, 
are considerably reduced over those of Option 2 when 233 is recycled compared to recycling plu- 
tonium, The very low fissile requirements for the denatured 233U HWRs is responsible for the 
more favorable U30g utilization in Option 4 compared to Option 2. In contrast, the HTGRs in 
Option 4 look much worse than in Option 2, This is because the HTGRs were already operating 
on the 233U/Th cycle in Option 2. However, in Option 2 the uranium-fueled reactors all use 
highly enriched fuel while in Option 4 they use denatured fuel. 


Options 5U and 5T allow the recycle of plutonium in plutonium/thorium transmuters, 
the difference between the two being that denatured 235U reactors are available in 5U whereas 
they are not in 5T. This forces the 5T system to initially rely on the Pu/Th-fueled reactors 
for 2334, Compared to Option 4, Option 5U results in 20 to 25% savings in ore usage and 
Option 5T in 10 to 15% savings. The HWRs are the most efficient advanced converters for 
uranium and enrichment utilization for Options 5U and 5T. 


Option 6 introduces FBRs with thorium blankets, although these FBRs have uranium as 
fertile material in the core. Comparing Option 6 with Option 3 reveals that both systems 
have approximately the same resource utilization. Option 7 is identical to Option 6 except 
the denatured 233U FBR is included. The impact of this reactor on resource utilization for 
these cases is small. 


In Option 8 the Pu-U-fueled FBRs of Option 7 are replaced with Pu-Th-fueled FBRs. The 
longer doubling time of this reactor type results in somewhat increased uranium and enrichment 
requirements. A key point for all of the systems containing FBRs (Options 3,6, 7, and 8) 
is that the ore and enrichment usage is relatively independent of the advanced converter 
option. This is in contrast to the nonbreeder systems where the type of advanced converter 
available (LWR, SSCR, HWR, or HTGR) much more strongly affects the resource utilization. 


Another very important point that needs emphasis is that the superior ore utilization 
of the HWRs relative to the other advanced converters for the alternate fueled systems 
(Options 4 -.8) is directly dependent on the denatured 233U-fueled HWR. Of all the reactor 
designs, the design of alternate fueled HWRs have probably received the least amount of analy- 


sis and therefore have the largest uncertainty. Thus, before it can be concluded that the 
HWRs offer significant resource savings, more work needs to be performed to verify the 


optimistic performance characteristics of the denatured 233U-fueled HWR. 
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Since 6 million ST of U30g below $160/1b is adequate, or nearly adequate, ‘to satisfy 
the projected nuclear energy demand for most cases in the various nuclear options, the 
power growth patterns for these cases are strongly influenced by economics as-well as 
resource utilization. Thus, as mentioned earlier in this appendix, the results for the 
cases based on the intermediate-cost U30g supply are subject to much larger errors because 
of large cost uncertainties. Table C-3 shows that the advanced converters for the throw- 
away cycle reflect a larger U30g savings when 6 million ST is used as a base rather than 
3 million ST. This is because many more nuclear plants are built with the larger supply 
and therefore more advanced converters can be built, resulting in a farger impact. For - 
the high-cost U30g case, most of the economic U30g was already committed to the LWR before 
the advanced.converters could have an effect. 


- For Option 2, the results are about the same for both U30g supplies except for the 
case with HTGRs (Case 2G). Ore requirements per GWe are 27% higher for this case with the 
intermediate-cost U;03 assumed to be available. This is because 6 million ST of economic 
U30g is an adequate amount of ore for the system of reactors in Case 2G to satisfy the 
nuclear energy demand and economic considerations are also affecting the mix of reactors 
that are built. Thus, the fraction of low-enriched LWRs constructed is larger because 
this reactor is less expensive than the HTGRs, even though the HTGRs use less- uranium. 


The plant selection for the cases that include FBRs (Options 3, 6, 7, and 8) -is also 
determined by. economics when 6 million ST of U30g below $160/1b ‘is assumed to be available. 
Therefore, the uranium utilization for these cases has less meaning. .Similarly,: some of |. 
the advanced converter options for the denatured cases (Options 4, 5U, and 5T) are resource 
limited and some are not, so it is difficult to draw conclusions regarding relative uranium 
and enrichment utilization. 


To summarize, there are two important and competing effects when comparing the cases 
for the two uranium supplies: (1) For systems that fall far short of meeting the demand 
with the high-cost U30g supply, the larger supply allows the advanced converters to have a 
greater impact and therefore better ore utilization; and (2) systems that have almost 
enough ore with the high-cost U30g supply have plenty of ore with the intermediate-cost. 
supply, and therefore plant selection with the larger supply is based on cost and ore 
utilization is lower. 


The maximum annual U30g requirements and the maximum annual enrichment requirements 
through the year 2050 are shown in Table C-4, The number in parentheses next to each maximum 
indicates the year the maximum occurs. As was mentioned above, it has been estimated that 
the maximum domestic mining and milling rate may be approximately 60,000 ST/yr. Table C=4 
indicates that if the high-cost U30g supply is assumed, the annual U30, requirements vary 


from 50,000 ST/yr (Case 7S) to 80,000 ST/yr (Case 4L).. For most.of the cases, the maximum 


occurs during the first decade of tire next century. Thus, most of the cases require annual 
ore usage within the next 25 - 30 years that exceeds the 60,000/yr criterion. 


r Pi ‘) 
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Table C-4. Maximum Annual U30g and Enrichment Requirements Through Year 2050 for 
Various Nuclear Policy Options 


Option 1E* 1 2 30 4 5U 5T 6 7 8 


«High-Cost U30g Supply 


LWR's 73(2007) + 72(2007)  67(2009} 60(2009)  80(2005) 75(2009) 65(2011) 62(2009) 60(2009) 68(2005) 
(L) 44(2007) 45(2007)  46(2009) 41(2009) 69(2009) 65(2011) 45(2011) 44(2009) 42(2009) 55(2005) 


SSCR's - 72(2007)  62(2011) 52(2009) 79(2009) 69(2011) 58(2017) 50(2005) 50(2005) $5(2009) 
(S) - 42(2007} 40(2011)  34(2009) 68(2009) 602011) 39/2010) 35(2005) 35(2005) 38(2009) 
HWR's - 68(2009)  58(2011) 66(2009) 71(2009) 55(2003) 53(2019) 64(2009) 63(2009) 65(2009) 
(H) + 36(2005) 36(2003) 46(2009) 58(2011) 46(2023) 35(2003) 46(2009) 44(2009) 46(2009) 
HTGR's - 72(2007)  $7(2019) $3(2003) 65(2009) $7(2011} 64(2011) 61(2009) 60(2009) 65(2009) 
(6) = 45(2009) 61(2019)  39(2005) 52(2011) 49(2017) 45(2011) 44(2009) 42(2009) 46(2009) 


Intermediate-Cost U303 Supply 


LWR's  124(2025) 120(2025) 110(2039) 92(2037) 105(2037) 115(2039) 109(2039) 86(2033) 86(2033) 92(2043) 
(L) 74(2025) 77(2025) 72(2039)  60(2037) 100(2037) 90(2039) 77(2039) 61(2033) 61(2033) 65(2043) 


SSCR's - 114(2027) 96(2043) 93(2047)  82(2049) 83(2049) 83(2049) 83(2049) 83(2049) 83(2049) 
(S) - 63 (2029) 57(2045) 53(2047) 73(2039) 55(2049) 55(2049) 55(2049) 655(2049) 55(2049) 
HWR's - 98(2031) 81(2023) 66(2009) 117(2031) 89(2029) 90(2029) 66(2009) 66(2009) 66(2009) 
(H) - 42(2009) 53(2011) + 47(2009) 96(2033) 64(2029) 64(2031) 47(2009) 47(2009) 46(2009) 
HTGR's - 110(2029) 86(2049) 86(2049) 96(2039) 94(2043) 108(2041) 87(2047) 87(2047) 87(2047) 
(6) = 84(2029) 70(2049) 70(2049) 90(2039) 86(2047}) 76(2041) 74(2047) 742047) 75(2047) 


*System with standard LWR only. 


The maximum annual separative work requirements based on the high-cost U30g supply 
varies from 34 million SWU/yr to 69 million SWU/yr. This means that the current separa- 
tions capacity would have to be doubled or quadrupled to meet the demand. As expected, 
the year in which the maximum separative work capacity occurs is nearly the same as the 
year when the U30g demand is greatest. 


Assuming the intermediate-cost U30g supply, the maximum annual ore requirements are 
greater than 60,000 ST for all cases. For most of the options, the year the maximum occurs 
is 40 yr later than for the high-cost cases. This is because, with 6 million ST of economic 
U30g, the nuclear industry continues to expand. The breeder reactor systems that include 
HWRs (Cases 3H, 6H, 7H, and 8H) are the only cases that have ore requirements that are 
close to being as low as 60,000 ST/yr. The maximum separative work requirements are also 
very high for this uranium supply -- from 42 to 100 million SWU/yr. . 


Table C-5 shows the energy support ratios calculated in this study for the year 2025, 
the energy support ratio being the ratio of installed nuclear capacity outside the energy 


centers to the installed nuclear capacity inside the centers. All the reactor types that 
are available in Options 1 and 4 could be constructed outside the centers; therefore, the 
energy support ratio for each case in these options is ». However, it has already been 
shown that these systems offer the lowest uranium utilization and therefore the lowest 
nuclear growth potential, even if it is assumed that 6 million ST of U30, is available at 
below $160/1b. 
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Table C-5. Energy Support Ratios in Year 2050 for Various Nuclear Policy Options 
(Support Ratio = Installed Nuclear Capacity Outside rreryy Center/ Installed 
Nuclear Capacity Inside Energy Center 








Advanced Support Ratio 
Converter 
Option 1E* 1 2 3 4 SU 5T 6 7 8 





. ues ° ° 1.54 0.72 © 5.69 | 3.74 | 1.27 1.46 3.09 
segs - o 1.47 0.76 © 6.33 3.86 2.13 2.13 3.27 
wns - ~ 0.49 0,92 o 5.79 3.07 1.07 1.06 2.89 
wo - % 0.24 0.28 oo 4.02 2.50 1.26 © 1.28 3.11 


Intermediate-Cost U303 Supply 


LW to © 2.42 1.65 oo 5.06 5.05 5.37 5.37 5.49 
SScR's - co 2.10 1.65 o 4.78 4.78 4.78 4.78 4.78 
HR's - o 1.85 0.94 eo 4.03 3.84 1.03 1.04 3.07 
HTGR's - o 1.97 1.82 « 3.30 3.20 2.74 2.74 3.62 


*System with standard LWR only. 


As pointed out previously, with only 3 million ST of U30g available below $160/1b, 
the only systems that satisfy the energy demand of 350 GWe in the year 2000 and 15 GWe/yr 
thereafter are those with breeders. The disadvantage of the classical Pu-U breeder cycle 
(Option 3), of course, is the low energy support ratio since the plutonium that. is produced 
must be used in the energy centers. One technique for increasing the energy support ratio 
is to load thorium in the blanket of these breeders, while retaining plutonium and uranium 
in the cores. The 233U that is produced in the blankets is then burned in denatured LWRs 
located outside the centers (Option 6). The resulting energy support ratios for Option 6 
vary from 1 to 2, depending upon the advanced converter option. Option 7 introduces a 
denatured FBR which would provide 233U to the system and therefore should increase its 
nuclear growth potential. However, since Option 6 can meet the projected nuclear growth 
demand itself, the addition of the denatured breeder in Option 7 actually had a minimal 
impact. 


The energy support ratios of Options 6 and 7 could be further increased by replacing 
the uranium in the core of the Pu-U breeder with thorium (Option 8). With the high-cost 
U30, supply, energy support ratios of about 3 are obtained for this system. The intro- 
duction of thorium in the core of a breeder lowers the breeding ratio to the point that, 
in contrast to Option 7, significant quantities of FBRs operating on denatured fuel must be 
built to meet the projected nuclear growth demand. . . 
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In general, the energy support ratio trends for the various options are the same if 
6 million tons of U30g is available below $160/1b; however, they are significantly higher, 
largely because more low-enriched LWRs can be built. 


Selected detailed results for all the cases calculated are presented in Table C-6, 
C-7, and C-8. While many of the numbers in these tables appear elsewhere in this report, 
many numbers are also shown for the first time. For example, the plant mix in year 2025 
and the levelized power cost for each plant starting up in the year 2025 are shown. The purpose 
of these tables is to group all the data together and also to provide sufficient data to 
help explain the behavior of the various reactor systems. (Note: Cases I1LT and ILTM in 
Table C-6 are for changing enrichment compositions; see Section 6.2-1 in Chapter 6.) 
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Table C-6. Summary of Results for Cases Assuming High-Cost U30, Supply, 350 GWe 
Installed Capacity in Year 2000, and 15 GWe Installed Capacity Each Subsequent Year 


E 
es 
Ip 
ry 
= 
ig 
EI 
le 
2 
ir 


Quulative Nuclear Capacity Built 


{(Gie) through 
: 2025 Sso S79 634 1029 853 1005 916 1029 1029 1029 
2049 , 572 $94 953. +1959 945 1205 =. «1027 1959 1959 1947 


System Costs ($B) 1977 through 


2050 discounted at 
4.5% 359 362 440 $0? 473 480 433 $10 509 su 
7.3% : 18S 186 208 220 223 220 207 222 221 229 
10.0% 119 119 129 132 135 133 128 132 132 135 
orev ie Power Costs 
1 
- 2000 “a 18.2 18.0 16,1 15.5 18.2 16.2 35.7 18.7 18.7 16.0 
2018 20.1 19.6 17.7 16.1 20.0 18.0 17.3 16.0 16.2 17.0 
2025 20.9 20.3 18.4 17.2 20.6 19.0 18.3 16.6 16.8 18.3 
2035 21.8 21 18.8 17.8 21.0 19.6 19.0 18.0 17.9 20.0 


! Cumulative U. 0, Consumption 
(Million Ton$)®chrough 


2025 2.87 2.85 2.38 2.14 2.63 2.50 2.30 2.18 2.4 2,29 
2049 2.97 2.56 2.95 2.73 2.98 2.97 2.94 2.62 2.83 2.86 
\ Total U,0, Committed (Million 
| Tons) thrSugh 
i 2025 2.93 2.92 2.85 2.49 2.90 2.86 2.83 2.49 «2.54 = 2.59 
2049 2.99 2.99 2.99 2.93 2.99 2.99 2.99 2.96 2.97 2.97 
i Maximum Annual Enrichment Require- 44 (3). 45 46 a 69 6S 4s “4 42 SS 
i ment through 2050 (Million SNU/yr) (20079"" (2007) (2009) (2009) (2009) (2011) (2022) = (2008) (2009) (2005) 
Cumulative Enrichment (Billion Sw) 
through 
2025 1.53 1,58 1.60 1.47 2.20 2.08 1.62 1.53 1,52 1.82 
2049 1.76 1:83 1.93 1.79 2.85 02,852.38 2.01 2.02 2.29 
: U,0, Utilization (Tons U,0,/G¥e) in? 
: 2025 $236 SO4S 3228 2420 «S394 02847 3086 U23-0—6s2S1 
: 2049 5236 5042 3188 «= «497s ROS 2480-2008 1812-1834 :525 
Enrichment Utilization (4i12ton SU/G¥0) @) 
2025 2.78 2.72 1.81 1.43 2.88 2.07 1.75 1.49 (1461.76 
2049 3.08 3.08 = 2.03 192 2.70 2.12 2..06 1.03 1.03 = 1.17 


| 1s 2s 3s as SUS sts 6s 1S 8s 
i 418 3 3s as US ss 6s 78 
i Qmulative Nuclear Capacity Built 
j {@ie} through 
\ 2025 sol 946 1029 944 1029 1029 1029 1029-1029 
i 2049 607 1043 1959 1071 1423 1278 1959 1959-1943 
System Costs ($B) 1977 through 
j 2050 discounted at : 
4.58 369 451 502 495 498 470 $00 500 S13 
i 7.88 188 2a 29 226 222 213 218 218 222 
i 10.08 420 129 13t 136 133 129 131 13 132 
' 
| Levelized System Power Costs 
t Qlil1s/Kehr) in 
} 2000 18,1 16.0 15.4 18.0 15.9 15.8 18.4 15.4 15.6 
H 2015 19.7 17,1 15.9 19.5 17.2 16.6 15.9 18.9 16.3 
i 2028 20.4 17.6 16.6 20.1 18.1 17.4 15.9 15.9 = 17.0 
{ 2035 21.0 17.9 17.0 20.5 19.0 18.2 14.4 14.4 17.8 
Qmulutive U, 0, Consumption 
(Miltion Ton’) through 
i 2025 2.54 2.27 1.99 2.62 2.35 2.14 1.93 1.93 2.07 
; 2049 2.96 2.92 2.70 2.98 2.96 2.91 2.69 2.69 2.83 
Total 1,0, Comaitted (Mil3ion 
| Tons) trSugh 
| 2025 2.92 2.81 2.43 2.89 2.81 2.77 2.36 2.36 2.58 
| 2049 2.99 2.99 2.92 2.99 2.99. 2.98 2.91 2.91 2.97 
| 
| Mexisan Annual Enrichment Require- 42. Q) 40 4 68 60 39 35 35 38 
acnt through 2050 (Million SMU/yr) (2007) (2011) (2009) (2009) (2011) (2010) (2005) (2005) (2009 
i ; 
| CGmulative Enrichment (Billion Sa) 
| through 
2025 1.48 1.47 1.32 2.19 1.94 1.45 1.33 1.33 1.42 
i 2049 1.72 1.84 1.70 2.54 2.84 2.02 1.86 1.86 1 
U,0g Utilization (Tons U,0,/a¥e) in) 
| 2025 4939 2975 2362 3066 2730 2687 2297 2297 2506 
: 2049 4931 2864 1492 2793 2098 2340 1487 1487 1528 
Enrictment Utilization (Million SwU/tc) 2} 
in 
2025 2.50 1.85 1 2.32 1.88 1.41 1.29 1.29 1.38 
2049 2.83 1.76 87 2.38 1.79 1,59 95 9S = 1.0) 


*System with standard LWR only. 
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Table C-6 (cont. ) 

















lel mi a xu a sat STH “a mM at 
Cumulative Nuclear Capacity Built 
(Gie) through 
2028 641 908 1029 1003 1029 1029 1029 1029S (1029 
2049 667 987 1959 1334 1747 1505 1959 1959 1959 
System Costs ($B) 1977 through 
2050 discounted at 
4.58 387 494 524 ssi 568 549 $29 523 535 
7.58 192 222 225 234 236 232 226 225 227 
_ 10.0% 121 134 134 137 138 136 134 133 134 
{ | Levelized System Power Costs 
| (Mills/Kwhr) in 
2000 17.9 17.6 17.4 17.9 16.1 15.6 16.9 16.7 15.8 
2015 20.3 20.0 18.0 20.8 19.1 18.9 17.600«:17.4000«17 
2025 21.3 20.8 17.2 22.4 20.7 20.7 17.6 17.1 = 18.5 
; 2035 21.8 2.1 15.7 23.2 21.7 22.4 17.3 17.6 == -20.6 
{ | Cum:lative U,0, Consumption 
(Million Ton’)*through 
hes 2025 2.47 2.24 2.29 2.44 2.16 2.14 2.25 2.21 2.29 
2049 2.95 2.91 2.70 2.97 2.92 2.90 2.61 2.55 2.87 
Total U,0, Comaitted (Million 
Tons) thrBugh 
} 2025 2.90 2.81 2.63 | 2.90 2.70 2.79 2.55 2.50 2.69 
f 2049 2.99 2.99 2.72 2.99 2.98 2.98 2.63 2.87 2.98 
Maximum Annual Enrichaent Require- 3&3) 36 46 $8 46 35 46 “4 46 
went through 2050 (Million SMU/yr) (2005)'"? (2003) (2009) (2011) (2023) (2003) (2009) (2009) + (2009) 
i Cumulative Enrichment (Billion SHU) 
through 
ae 5025 1.30 1.24 1.61 1.90 1.63 1.23 1.58 21.55 1.61 
: 2049 1.45 1.35 1.94 2.37 2.33 1.35 1.88 1.88 = 1.95 
U,0, Utilization (Tons U,0,/G%e) in“) 
8 025 4524 3095 2558 2890 2620 2707 2482-2426 «2608 
2049 4489 3027 1391 2243 1707 1983 1345 «1314. «1520 
Earichment Utilization (MiI1ion swore) @) 
3025 2.02 1.37 1.57 1.90 1.58 1.19 1.54 1.81 1.87 
2049 2.18 1.37 .99 1.78 1.33 .90 :96 94 = 1,00 
hes 1G a % 46 WC STG 6 1G sc OMLT = LIN 
Cumulative Nuclear Capacity Built 
(Gae) through 
is 2025 $88 1029-1029 803 958 917 102910291029 «678 705 
{ | 2049 603 1417/1959 855 1064 (1008 1950 1959 «1791-703 734 
lew System Costs ($B) 1977 through 
2050 discomted at 
4.58 368 aga $02 439 451 442 506 505 S18 387 417 
7.8% 188 217 219 209 210 = 209 221 220 22409? 208 
- 10.0% 120 131 131 129 129 «129 132 132 14124 132 
i Levelized System Power Costs 
(Mills/Xwhr) in 
2000 18,2 16.0 15.7. 17.7 15.9 15.8 15.86 15.8 15.3 17.4 17.6 
2015 19.9 16.4 16.0 18.6 17.1 17.3 16.0 16.0 16.8 19.3 19.0 
2025 20.5 16.8 15.8 18.9 17.7 18.1 16.1 16.1 18.8 19.7 19.6 
a3 2035 21.2 17.3 14.2- 18.9 18.1 18.6 16.4 16.4 20.8 = 20.3. 20.2 
| Cumilative U. 8, Consumption 
(Million Ton$)® through 
2025 2.55 2.19 1.97 2.35 2.22 2.31 2.25 2.12, 2.32 2.43 2.35 
2049 - 2.96 . 2.92 2.78 2.98 2.92 2.98 2.70 2.68 2.91 2.95 2.94 
. Tota? U0, Committed (Million 
Fy Tons) thréugh 
2025 2.92 2.78 2.41 2.85 2.80 2.83 2.42 2.38 2.77 2.89 2.87 
; 2049 ae 2.99 2.98 2.95 2,99 2.99 2.99 2.93 2.93 2.98 2.99 2.99 
Maximum Annual Enrichment Require- 453) $1 39 S2 4 45 “ 42 46 92 95 
ment through 2050 (Million SMU/yr) _ -¢2009f) (2019) (2005) (2011) (2017) (2011) (2009) (2009) (2009) (2011) (2011) 
i 3 Quulative Enrichment (Billion SW) : 
5 through : 
Ww 2025 1.59 Lm 149 - 1.80 1.69 1.62 1,53 1.80 1.64 2.69 3.25 
2049 1.87 2.42 2.35 2.35 2.36 222 2.00 1.98 2.15 3.42 4.06 
Us0g Utilization (Tons U,0,/G¥) in“) 
en 2025 4973-2700 234203587. «2920 $082 2382 «2316-2692 4268- = 4078 
i 2049 4963 2205 1508 3497 2807-2974 1503 1496-1666. 4258 4074 
be! Enrichwent Utilization (Million Sw/aic) ) 
an 
2025 2,70. 1.66 1.45 2.24.76 1.77 1.48 1.45 1.60 3.97 4.60 
2049 3.1000 (1.7k 1.15 2.75 2.22 2.10 1,02 1.01 2.20 4.86 5.53 





(1) Cumulative Uj0, consumed through year 2050 (including forward commitments) per cumulative nuclear capacity built through 2050. 
(2) Cumulative enrichment requirements through 2050 per cumulative nuclear capacity built through 2050. 
(3) Year in which maximum enrichment requirements occur. 
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Table C-6 (cont.) 





Reactor ~ 1LE*, 


LWR-US(LE)/U 269/22.3 
LNR-US (LE) /U-EE - 
LWR-US (DE}/U/Th = 


LWR-US(LE)/U 
LNR-US (DE) /U/Th 
LWR-U3 (DE) /U/Th 
Lwr-Pu/U 
LWR-Pu/Th 


SSCR-US(LE) /U 
SSCR-U3 (DE) /U/Th 
SSCR-Pu/Th 


FBR-Pu-U/U 
FBR-Pu-U/Th 
FBR-Pu-Th/Th 
FBR-U3-U/Th 


LWR-US (LE) /U 


HWR-US (NAT) /U 
HYR-US (SEU) /U 
HWR-US (DE) /U/Th 
HR-U3 (DE) /U/Th 
HWR-Pu/U 
HWR-Pu/Th 


FBR-Pu-U/U 
FBR-Pu-U/Th 
FBR-Pu-Th/Th 
FBR-U3-U/Th 


LWR-US (LE) /U 


HTGR-US (LE) /U 
HTGR-US(LE)/U-T 
HTGR-US (DE) /U/Th 
HTGR-US (HE) /Th 
HTGR-U3 (DE) /U/Th 
HIGR-U3/Th 
HYGR-Pu/Th 


FBR-Pu-U/ 
FBR-Pu-U/Th 
FBR-Pu-Th/Th 
FBR-U3-U/Th 


LWR-US(LE)/U 
LNR-US (LE)/U-EE 


Installed Capacity (GWe)/Levelized Power Cost (Mills/Kwhr) in year 2025 
1L 2u 3L 4. SUL STL 6L 7L 8L 


ead 360/19.6 310/18.0 52/21.5 49/19.7 412/19.8 327/17.5 342/18.0 118/17.9 


ut ¢ : 292/23.0 296/21.4 0 0/19.5 187/18.8 


- 0/19. 
5 220/20.4 264/20.0 82/20.7 87/17.6 60/18.4 9/20.7 


234/19.0 = 72/19.3 7 
- = : 107/18.7 132/19.6 9/28.9 21/24.1 9/26.0 





= 357/20.6 - 
. 316/19.8 280/18.0 - 
7 172/21.7 
38/19.5 245/21.7 
18 2s 3S 4S SUS STS 6S 78 8s 
101/22.2, 83/19.7  83/18.0 49/21.5 45/19.2 80/18.8 80/17.4 80/17.4 79/17.9 


- 289/22.3  287/19.6 - O/18.2 O/18.2 1/18.8 
- 266/17,8 123/17.3 - 


200/21.0 307/18.6 237/17.2 8/20.7 4/17.9  372/17.6 257/16.4 257/16.4 318/16.6 
= : - 308/20.5 303/19.7  135/19.9 166/15.5 166/15.5 42/17.2 
= : = oe 101/19.0 152/19.1 48/14.9 48/14.9 23/22.9 


7 297/17 .8 = 

= 188/11.7 188/11.7 - 
- 150/19.8 
0/17.2 126/19.3 





ui 2u 3u AT SUH STH 6H ta! st 


mm eee 


129/22.1 158/21.1 355/19.9 151/21.3 157/18.8 158/18.4 337/19.0 323/18.7 329/18.3 


0/24.9 0/26.8 0/25.6 0/27.0 0/22.0 217/21.4 0/23.9 0/23.3  0/20.0 
222/22.0 45/22.9 0/22.0  0/23.1 0/20.3 20/20.0: 0/21.1 0/20.7 32/19.7 
= - ; = 222/24.2 178/22.0 7 0/28.9 0/26.5 12/21.6 
- = 339/24.0 296/22.4 163/24.3  45/17.3 0/19.4 0/22.9 


- 415/21.1  0/20.5 - 
- 109/21.7 | 182/22.7.  _ 2/20.9 11/20.8  0/26.2 





- 384/14.6 - 
- 356/17.4 348/17.4 - 
- 190/22.3 
$7/17.2 176/21.1 
16 2G %G 4G SUG STG 6G 7G 8G 


172/22.3 142/19.4 142/17.S 172/21.2 142/19.1 404/19,2 294/16.9 298/17.2 347/17.8 
* 0/19.8 0/18.5 0/20.4 0/19.8 0/19.9  0/18.4 0/18.4 0/19.4 





125/20.7. = 7 7 . - = 
- : - 284/19,0 305/18.5 = - 14/17.4-1/17.4 50/18.1 
: 305/17.2 195/15.8  - - - - - 
- - e 56/18.5 87/18.2 43/19.0 104/15.4 91/16.0 0/20.2 
- 175/17.9 127/14.2 - eles Aacak! es : 
- 117/15.8 79/165 — - 133/18.3 179/18.5 15/22.3  30/21.0 —0/27.5 
: - 198/11.4—- - 
- : - 313/17,8 294/17.3 - 
. 180/25.7 
- - os 29/15.9 162/23.8 
1LT 1L™ 
30/21.5 30/21. 
358/20.7 385/20.7 
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*System with standard LWR only. 
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ie 
i | Table C-7. Summary of Results for Cases Assuming High-Cost U30g Supply, 200 GWe 
heed Installed Capacity in Year 2000, and 10 GWe Installed Capacity Each Subsequent Year 
1c * ue 1sc 1c 100 
Cumilative Nuclear Capacity Built 
(Gie) through 
2025 533 SSA $79 619 $89 
2049 - 570 000 638 127 654 
io System Costs ($8) 1977 through 
Se 2050 discounted at 
4.58 269 269 279 302 281 
7.58 128 128 130 135 132 
10.0% 8t 80 a1 83 81 
ee Level ized System Power Costs 
(2: ener te 16.8 16.5 6.5 16.5 6 
hed 2015 19.2 18.6 18.5 19.3 18.5 
2025 20.1 19.5 19.4 20.5 19.3 
2035 0 20.1 19.9 2.1 19,7 
Ste ies Qumiulative U. 0, Consianpt ion 
i (fillion Ton’) through 
t 2025 2.08 2.02 1.94 1.88 1.94 
bes 2049 2.90 2.89 2.87 2.82 2.86 
Total U0, Committed (Million 
Jons) tRrBugh 
; 2025 2.79 2.76 2.72 2.62 2.71 
2049 2.98 2.98 2.98 2,97 2.98 
UL Maxisam Annual Farichment Require- 39 3) 4 35 2 4s 
ment through 2050 (Million SNU/yr) (2019 (2021) (2021) (2011) (2023) 
Quulative Enrichment (Billion SM!) 
oi through 
2025 1,23 1.26 1. 94 1.28 
| 2049 1.73 1:81 1.62 1:20 1199 
hes U0 Utilization (Tons Us04/GHe) in) 
2025 5236 4979 4694 4222. 4603 
2049 $236 4974 4669 4090 4554 
il Farichment Utilization (itt ion swu/e) @) 
ty 
: 2025 2.31 2.28 1.91 1.52 2.18 
ei 2049 3.03 3.92 2.84 1.66 3.04 
re Installed Capacity (@We)/Levelized Power Cost (Mills/Kwhr) in Year 2025 
e Reactor 1LEC* 1LC 1SC 1H _ 1cC 
LWR-U5(LE)/U 363/21.7 11/21.6 44/21.4 144/21.2 114/21.4 
as LWR-U5(LE)/U-EE - 374/20.8 - - - 
: LWR-US (DE) /U/Th - - - - 
j LWR-U3 (DE) /U/Th 3 . e - - 
LWR-Pu/U = = = - - 
L¥R-Pu/Th - - = - - 
: SSCR-US (LE) /U : - 365/20.4 - - 
eed nile A : bs - - 
<¢ HAYR-US (NAT) /U . - - 0/24.2 - 
HWR-US (SEU) /U : . = 305/21.5 - 
HYR-US (DE) /U/Th : : - - - 
HYR-U3 (DE) /U/Th qi m : = . 
HWR-Pu/U . = - - - 
un HWR-Pu/Th = : os - 
| - HTGR-US (LE)/U = =. . a 
HTGR-US (LE) /U-T * - 304/20.1 . 
{ 4 1) Cumulative U30, consumed through year 2050 (including forward commitments) per cumulative nuclear capacity built through 2050. 
, 2) Cumulative enrichment requirements through 2050 per cumulative nuclear capacity built through 2050. 


he 3) Year in which maximum enrichment requirements occur. 


*System with standard LWR only. 
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Table C-8. Summary of Results for Cases Assuming Intermediate-Cost U30g Supply, 350 GWe 
Installed Capacity in Year 2000, and 15 GWe Installed Capacity Each Subsequent Year 





me UO aS 
Qumulative Nuclear Capscity Built 
(Qte) through 
2025 994 1015 1029 1029 1025: 1073 1029 10279 1029 1029 
2049 n3s Ngs 1783 1959 19s2 1921 1864 1959 1959 1956 
System Costs ($3) 1977 through 
2050 discomted at 
4.5% 473 470 4ag5 465 S4z 489 485. ass. aes 486 
7.5% 212 a ma 213 231 214 213. 23 213 25 
10.0% 128 127 128 129 137 129 129 129 12a 129 
Levelized System Power Costs 
O411s/Kehr) in 
2000 16.6 16.4 a 14.8 . 14.8 4.7 14,7 14.7 14.7 
2015 18.5 17.9 18.5 15.0 17.6 15.5 18.3 15.2 15.2 15.2 
2025 19.8 18.7 61 15.3 18.0 16.0 18.7 15.4 15.4 15.5 
2035 20,1 19.3 16.5 14,9 . 16.5 15.8 14.1 4.1 15.0 
Qmulative U,0, Consumption 
Clillion Tond)* through 
2028 3.53 3.41 2.39 2.28 2.87 2.56 2.356 2.37 2.37 2.37 
2049 $.63 S.56 4.% 4.40 §.11 4.82 4.70 4.38 4.38 4.48 


Total U,0, Comitted (Mil) ion 
Tons) thrSugh os 





2025 5.20 5.06 3.50 3.28 3.66 3.37 3.37 3.39 3.39 3.40 
2049 5.94 5.93 $.68 5.40 5.74 5.68 5.66 8.38 5.38 5.47 
Maximus Annual Enricheent Require- 74s) 77 7 6a 100 90 17 61 65 
went through 2050 (Million SWU/yr) (2028§5) (2025) (2037) (2037) (2039) (2039) (2033) (2035) (2043) 
Gmutlative Enrichment (Billion SW) 
2025 2.09 2.12 1.4% 1.47 2.41 1,68 1.68 1.64 1,64 1.64 
2049 3.35 3.49 3.12 2.84 4.55. 3.58 3.3 3.09 09 3.16 
0, Utilization (Tons U,0,/Gic) in‘) 
“s 8 2025 3 : $236 4985 3396 182 3552 S272 3270 3296. 3296 3303 
2089 5236 4973 3188 2758 S105 2957 3037 27335 2733 2798 
Enrichment Utilization (M111ion Swi/Gre) 2) 
2025 2.11 2.09 1.51 1.43 2.064 1.59 1.59 1.59 1.59 1.59 
2049 2,95 2.92 1.75 1.45 2.46 1.86 1,77 1,88 4.88 1.61 
ame ilar 
is m2 3 #& ss SS 6 SB 58 
Cumulative Nuclear. Capacity Built 
(fe) _through 
y 2025 1029 1029 1029 1029 1029 1079 1029 1023 1029 
2049 1271 1937 1989 143 1959 1959 1989 1959 1959 
System Costs ($8) 1977 through 
2050 discounted at 
4.5% 483 484 asl 536 485. 4aas ags 485 aes 
7.5% a3 213 212 230 na 24 214 24 74 
10.0% 128 129 128 136 2g 129 129 129 129 
Levelized System Power Costs 
(4i11s/Kehr) in 
2000 16.4 4.9 14,7 16.3 14.7 14.7 M47 14.7 14.7 
2015 17.9 18.2 “4.7 17.0 14.9 14.9 14.9 14.9 14,9 
2025 18.7 15.5 14.9 17.5 15.2 18.2 18.2 15.2 15.2 
2035 19.2 15.6 14.6 17.0 15.5 15.3 18,3 18.3 18.5 
Cumulative U,0, Consumption 
(Million Tond)* through 
2025 3.26 2.23 2.20 2.70 2.14 2,14 2.4 Z.14 2.14 
2049 5.46 4.30 4.14 4.61 3.86 3.86 3.86 3.86 3.86 
Total U,0, Committed (Million 
Tons) tirBugh ‘ 
2025 y 4.85 3.18 3.10 3.36 2,94 2.94 2.94 2.94 2.94 
2049 \ $.92 $.46 $.31 5.82 4.92 4.92 4.92. 4.92 4.92 
Maximum Annual Enrichacnt Require- 63 3) s7 s3 73 ss 55 ss SS. 5S 
Wont through 2050 (Million SWU/yr) (2029§ (2045S) (2047) (2039) = (2049) (2089) (2049) (2049) = (2049) 
Quaitative Enrichaent (Billion SW) 
through 
2025 1,86 1.40 1.38 2.26 1.46 1.4 1.46 1.46 1.46 
2049 3.09 2.63 2.49 3.94 2.62 2.62 2.62 2.62 2.62 
U,0, Utilization (Tons Us0,/G¥e) in) 
2025. ana 3086 3010 3262 2858 2358 2858 2858 2888 
2049 : 4657 2820 271 B44 2511 2511 2511 2511 2511 
Farichmont Utilization (Mi114on sw/aie)) 
2025. 1,83 1.3% 1M 2.19 1.42 1.42 1.42 1.42 1.42 
2049 2.45 1.36 1,27 2.03 1.46 1.34 1.3 1M 1s 


*System with standard LWR only. 
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Table C-8 (cont.) 

















a u mM MM mm sh osm at om st 
Cmte Nuclear Capacity Built 
( 0 gnrouah : 1029 1029 1029 1029 1029 1029 1029 1029 1029 
i S 2049 1497 1921 1959 1943 1959 1959 1959 1959 1959 
; : 
t System Costs ($B) 1977 through 
best! 2050 discounted at 
4.58 $19 544 $12 552 $23 $23 514 522 514 
7.5% 221 228 222 229 224 224 222 222 222 
10.0% 130 1é@ 132 pk. See ©) 133 132 132 132 
7 Levelized System Power Costs 
4 @4ills/Kwhr) in 
2000 : 16.3 16.3 15.8 16.7 16.0 16.0 15.7 15.7 15.7 
2015 18.5 17,4 16.1 18.0 16.7 16.7 16.0 16.0 15.9 
2025 19.6 18.3 15.8 18.8 17.0 17.0 16,0 15.8 15.9 
2035 20.1 18.8 14.9 19.8 17.2 17.2 15.9 15.3 15.8 
{ : Cumulative Uo Consumption 
: Million Ton3)" through 
hei Cai 2025 ) 3.10 2.72 2.31 2.94 2.82 2.51 2.32 2.30 2.38 
2049 $.20 4.55 2.71 5.3% 4.32 4.37 3.66 2.70 3.37 
Total U,0, Committed (Million 
Tons) thrdugh 
2025 4.35 3.67 2.68 4.2 3.59 3.87 2.71 2.64 2.85 
2049 5.86 5.56 2.74 5.89 4.76 4.85 4.30 2.73 3.77 
Maxiaum Annual Prrichment Require- 42 S3 47 96 64 6 47 47 “6 
ment through 2050 (Million SHU/yr) (2009§5) (2011) (2009) (2033) (2029) (2031) (2009) + (2009) (2009) 
aoe Cumitative Enrichment (Billion SH) ; 
} through 
i 2025 . 1,57 1.80 1.62 2.05 1,75 1.74 1.63 1.62 1.67 
2049 2.10 2,54 1.95 4.08 3.06 3.09: 2.59 1.94 2.40 
U,0, Utilization (Tons U,0,/G¥e) in) 
38 2025 3 ch 4228 3562 2572 4083 3490 3470 2636 2562 2773 
aa 2049 3916 2894 1398 3030 2431 2475 2195 1392 1924 
L Enrichment Utilization (411ion su/oxe) 
2025 1.52 1.75 1,58 1.99 1.70 1.69 1.58 1.57 1.62 
2049 1,40 1,22 1,00 2.10 1.56 1.58 1.32 99 1.23 
| «6 £ SB « Me osG GGG 
i Qumlative Nuclear Capacity Built 
(@ke) through 
2025 1029 1029 1029 1029 1029 1029 1029 1029 1029 
2049 : 1320 1989 1989 1794 1924 1844 1959 1959 1959 
im System Costs ($B) 1977 through 
2080 discomted at 
: 4.5% 487 486 486 SiS 487 486 486 486 486 
7.58 214 214 214 223 214 214 214 214 214 
10.0% 128 129 129 133 129 129 129 129 129 
= Levelized System Power Costs 
as (Mills/Kwvhr) in 
2000 16,4 15.0 15.0 16.2 18.1 15.0 15.0 315.0 15.0 
2015 17.9 14.9 18.0 16.6 15.2 18.3 4.9 14.9 14.9 
2025 18.6 «14.8 «15.0 16.7 15.6 15.7 14.9 14.9 15.0 
2035 19.0 14.2 14.8 16.5 15.8 16.0 14.7 M7 14,7 
Qmutlative U. 0, Consumption 
ie (Million Tond)® through 
j 2025 3.23 2.32 2.30 2.88 2.32 2.6 2.23 2.23 2.26 
i 2049 S41 4.2350 4.22 4.7045 465 4.19 4.19 4,28 
Total U,0, Comaitted (Million 
Tons) thrBugh 
2025 4.73. 3.20 3.173.587 3.20 3.29. 3.09 3.09 3.18 
x 2049 $.91 5.26 5.25 5.69 5.51 5.64 $.26 $.26 29 
; Maximum Annual Enrichment Require- HO) 70 70 90. 86 76 7 4 7S 
ment through 2050 (Million SWU/yr)} (2029, (2049) = (2049) (2039) (2047) (2041) = (2047) = (2047) = (2047) 
Qsulative Enrichment (Biltion SW) 
2025 : 2.1 1,62 1.60 1.99 1.64 1.63 1.58 1.55 1.57 
2049 3.81 3.16 3.13 3.97 3.41 3.27 3.10 3.10 3.16 
U,0, Utilization (Tons U,0,/GNe) in|) 
s6 2025 3 ch aie 4897 3105 30st 3472 3108 3198 3005 3004 3057 
2049 4478 2683 2680 3172 2865 30SS 2683 2682 2698 
Enrichaont Utilization Qfi11ion SwU/GHe) 
2025 2.05 1,58 1.56 1,93 1,89 1.58 1.81 1.51 1.53 
2049 2.89 1.61 1.60 2.21 1.77 1,77 1.88 1,58 1.62 
en A NN 


e (1) Cumulative U30, consumed through year 2050 (including forward commitments) per cumulative nuclear capacity built through 2050. 
} (2) Cumulative enrichment requirements through 2050 per cumulative nuclear capacity built through 2050. 
' (3) Year in which maximum enrichment requirements occur, 
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Table C-8 (cont.) 


" Installed Capacity (GWe)/Levelized Power Cost (Mills/Kwhr) in year 2025 





Reaciae WE* = =o au OBL aL SUL SIL —s«&@L 7 8L 
LWR-US(LE)/U 703/20.6  30/20.5  523/17.0 460/15.8 57/18.8 $41/16.9 544/16.3 551/15.8 $51/15.8 553/16.0 
LWR-US (LE) /U-EE - 695/19.8 - é ‘ . 4 rs f J 
LWR-US (DE) /U/Th - - - - 439/19.0  3/17.8 - 0/16.3 0/16.3 0/16.8 
LWR-U3 (DE) /U/Th - - - - 243/17.8 73/17.0 -72/16.4 = 72/13.2 -72/13.2 -73/14,2 
LyR-Pu/U - - 216/16.8 254/14.9 - - - - - - 
LWR-Pu/Th - - - - - 122/16.2 122/15.8 103/12.5 103/12.5 103/14.1 
FBR-Pu-U/U - - - 25/12.5 - - - - - - 
FBR-Pu-U/Th - - - - - - - 13/10.7 13/10.7 - 
FBR-Pu-Th/Th - - - - - - - - 11/12.8 
FBR-U3-U/Th . = - - : - - _ 0/14.5 0/16.2 
1S 2s 3S 4S sus STS 6S 7S 8s 
EWR-US(LE)/U 109/20.3  83/16.4 115/1$.4 5S7/17.9 184/15.6 184/15.6 184/15.6 184/15.6 184/15.6 
LWR-US (DE) /U/Th - - - 380/17.6 0/17.3 - 0/17.3  6/17.3 =: 0/17.3 
LWR-U3(DE)/U/Th - - - - S a < 7 . 
LWR-Pu/U - 239/1S.7 279/14.4 - - - - - - 
LWR-Pu/Th - - - - - - - - - 
SSCR-US(LE)/U_ 630/19.5  418/16.0 346/15.0. 0/17.8 300/15.5 300/15.5 300/15.5 300/15.5 300/15.5 
a eee - - < 302/17.1 128/15.5 128/15.5 128/15.5 128/15.5 128/15.5 
SSCR- - - - - 128/15.5 128/15.5 128/15.5 128/15.5 128/15.5 
FBR-Pu-U/U - - 0/14.1 - - - - - - 
FBR-Pu-U/Th 7 - - - - - 0/16.3 0/16.3 - 
FBR-Pu-Th/Th - - - - - - - - 0/16.3 
FBR-U3-U/Th - - - - - - - 0/18.4 0/19.8 
1H 2H 3 4H SUH STH 6H ™ 8H 
LWR-US(LE)/U 232/19.5 480/17.8 359/16.1 666/19.5 592/17.4 587/17.4 375/16.1 357/15.8 410/15.7 
FAVR-US (NAT) /U 0/22.9 0/23.9 0/22.2 0/25.4 0/23.0 0/23.0 0/21.7 0/21.7 = 0/21.5 
H¥R-US (SEU)/U 507/20.4  0/20.6 0/19.3 0/21.8  0/20.1 0/20.1 0/19.1 0/19.0  0/18.9 
HWR-US (DE) /U/Th - - - 63/21.7  0/26.2 - 0/25.1 0/24.4 0/24.1 
HWR-U3 (DE) /U/Th -— - - 10/20.4 0/17.5  0/17.5 © 0/17.3 0/17.4 = 0/17.6 
HAR-Pu/U - 259/19.6  0/18.8 - - - - - - 
HYR-Pu/Th - oe - - 147/17.2 153/17.3.  0/18.8  0/17.0 = 0/17.3 
FBR-Pu-U/U - - 380/14.6 - - - - - - 
FBR-Pu-U/Th - - - - - - 364/15.9 363/15.2 - 
FBR-Pu-Th/Th - - - - - - - - 182/15.8 
FBR-U3-U/Th - - - - - - - 19/1S.1 148/15.4 
1G 2G xs 4G _ SUG STG - 66 7G 8G 
LWR-US (LE) /U 201/20.3  472/14.6 477/14.9 193/17.9 405/16.1 518/16.2 466/15.1 464/15.1 472/15.1 
HTGR-US (LE) /U - 0/16.1 0/16.3 0/17.7.  O/17.2 = 0/17.2,S-0/16.3 ~—«-0/16.3 016.3 
HTGR-US (LE) /U-T $39/19.2 - - - - - - - - 
HTGR-US (DE) /U/Th - - - 471/16.7 109/16.2 - 5/15.3 7/15.3  14/15.4 
HTGR-US (HE) /Th - 28/14.5 14/15.1 - - - - - - 
HTGR-U3(DE) /U/Th - - - 76/15.9 54/15.7  45/1S.6 71/15.0 71/1S.0 94/15.0 
HIGR-U3/Th - 63/13.4 63/14.5 - - oe os - - 
HTGR-Pu/Th - 176/15.3 175/15.7 - 172/16.0 176/16.2 148/16.5 148/16.5 132/16.6 
FBR-Pu-U/1 - - 10/11.1 - - - - - - 
FBR-Pu-U/Th - - - = - 7 $0/12.8 50/12.7 - 
FBR-Pu-Th/Th - - - - - - - - 28/12.6 
FBR-U3-U/Th - - - - - - - 0/16.1 0/16.6 


*System with standard LWR only. 
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Appendix D. CALCULATIONS OF NUCLEAR AND FOSSIL PLANT COMPETITION 
BASED ON ECONOMICS 


M. R. Shay, D. R. Haffner, W. E. Black, T. M. Helm, 
W. G. Jolly, R. W. Hardie, and R. P. Omberg 
Hanford Engineering Development Laboratory 


In a series of calculations that preceded those reported in Chapter 6 for nuclear 
power systems, the same analytical model was used to evaluate power systems that include 
both nuclear power plants and coal-fired power plants, with the two types of plants being 
in economic competition. As was stated in Chapter 6, the results of these calculations 
indicated that at U30g prices above $160/1b, nuclear power plants do not compete well for 
the assumptions used in this study. Therefore, for the all-nuclear systems it was decided 
to limit the uranium resources to those available at prices below $160/1b. 


This appendix describes the initial set of calculations. The nuclear plants used 
were LWRs, with and without recycle, and they correspond to Cases IL, 2L,....8L in Chap- 
ter 6. The primary differences between the calculations presented in Chapter 6 (and in 
Appendix C) and the calculations described here are as follows: 


(1) Instead of a nuclear energy growth projection, a total electrical energy growth 


projection was used. 


(2) In addition to nuclear plants, coal plants were available to satisfy the total 
electrical energy demand. 


(3) No price constraint on ore existed. Instead it was assumed that additional 
uranium ore was always available at increasingly higher costs. As with the all-nuclear 
systems, two different U30g price structures were used. 


(4) Power plant selection was based on economics instead of U30g utilization. 


The electrical energy demand that was used for these calculations is shown in 
Table D-1.. This projected demand assumes a 5.6% per year growth rate until 1980, and a 
5.1% per year growth rate from 1980 to 1990. The growth rate decreases each decade until 
year 2030, after which a constant 2.5% per year growth rate is assumed. 


The marginal cost of uranium as a function of the cumulative quantity mined was 
shown in Table B-7 of Appendix B. In this appendix cases that use the high-cost uranium 
supply are denoted as cases IL, 2L, ..., while cases that use the intermediate-cost uranium 
supply are denoted as cases ILU, 2LU,.... As has already been emphasized, it was assumed 
for. these calculations that the quantity of available uranium was unlimited. The only 
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restriction on uranium consumption was 
Table D-1. Projected Total based on economics - that is, the 
Electrical Generation i ais 
marginal cost of.an additional pound 
of U30g increases as more uranium is 





Electrical 
Electrical Energy Growth consumed. 
nergy Rate 
Year (10?? kwh) (% per year) Fossil-fueled power plants were re- 
presented by nine different coal plant 
1975 1 2 5.6 types which are indicative of different 
1980 2 a 5.1 coal regions. The principal differences 
1990 ee 4.1 between coal plant types are the coal price, 
2000 : hh 3.5 the coal energy content, and the size of 
2010 8 “i 3.0 the demand that can be satisfied by each 
2020 ; ao} 2.5 coal plant type. The maximum fraction of 
2030 14.9 the total electrical energy demand that can 


be satisfied by each regional coal plant 
type is shown in Table D-2. ° This table 


also gives the heat content of the coal for each region. 


The capital cost associated with building a coal plant was assumed to be 12% lower 
than the capital cost of a LWR, or $550/kWe (in 1/1/77 dollars). Therefore, for nuclear 
plants to be built instead of coal plants, the fuel costs of the nuclear plants must be 


enough lower than the fuel cost of fossil plants to override this capital cost differential. 


If nuclear plants are less expensive than coal plants for all regions, then all of the new 
plants built will be nuclear. Figure D-1 shows how the nuclear market fraction decreases 
as nuclear plants become more expensive. If nuclear plants increase in price by 20% over 
the price where all of the market would be nuclear, the nuclear market fraction decreases 
to 0.75. An increase of about 35% in the price of a nuclear unit reduces the nuclear 
market fraction to about 0.34, while a 57% increase results in all of the new plants built 


being fossil-fueled plants. 


Nuclear power growth projections for the LWR on the throwaway cycle are shown for 
both uranium supplies in Fig. D-2a. For the high-cost uranium supply case, nuclear power 
peaks at 500 GWe of installed capacity around the year 2005 and then phases out to about 
100 GWe in 2040. On the other hand, if the intermediate-cost uranium supply is assumed, 
nuclear power continues to grow until about 2015 to almost 900 GWe, and then decreases to 
about 300 GWe in 2040. As a result, nuclear is more competitive with coal and captures a 


larger share of the market. 


Figure D-2b shows that recycling plutonium in LWRs (Case 2L) increases the nuclear 
power market even more than the assumption of a larger uranium supply, and introducing 
the Pu/U-fueled FBR with recycle (Case 3L) further increases the nuclear market to 1300 
GWe of installed nuclear capacity in the year 2040. The UO, utilization, defined as the 
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Table D-2. 


Maximum Electrical Energy 


Demand Satisfied by Regiorial:Coal Plants 





Maximum % of Total Heat Content 
Electrical Sales (Btu/1b) 


New England 
(NE) 

Middle Atlantic 
(MA) 

East North 


Central (ENC) 


West North 
Central (WNC) 


South Atlantic 
SA 


East South 
Central -(ESC) 


West South 
Central (WSC) 


Moutain (MT) 
Pacific (PA) 


nn 





3.9 13,500 
131. 11,783 
19.5 10,711 

6.6 9,408 
16.6 11,855 

9.6 11,006 
12.2 6,583 

4.9 9,637 
13.5 8,101 


total U30g consumed plus committed per 

GWe of nuclear power constructed through 
the year 2050, is also given for these 
cases. As noted, recycling plutonium in 
LWRs reduces U30g usage by 38% per GWe, 
while introducing the FBR results in a 62% 
reduction. 


With the intermediate-cost U30, 
supply, 1300 GWe for the FBR case becomes 
almost 1800 GWe in 2040 (see Case 3LU in 
Fig. D-2c). The nuclear power peak for 
each of the ore supplies occurs around 
the year 2040, although the installed 
nuclear capacity is very flat at this 
point. 


The disadvantage of classical 
plutonium recycle in FBRs is demonstrated 
in Fig. D -2d for Case 3L. Here the two 
Pu-fueled reactors are inside the energy 
center and the LEU-LWR is outside the 


center. It can be seen that after about 2020, the ratio of reactors that can be located 
outside the center to those inside is less than unity and rapidly decreasing. In fact, as 
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the system becomes less and less dependent upon uranium ore and more and more upon 
plutonium, the energy support ratio will approach zero. 


The denatured fuel cycle Cases 4L, SL, and 6L are compared with the throwaway cycle 
in Fig. D-2e. Nuclear market penetration for plutonium throwaway (Case 4L) is not sub- 
stantially greater than for the throwaway cycle (Case 1L). The peak penetration is about 
630 GWe of installed nuclear capacity versus 500 GWe for the throwaway cycle. However, 
if the plutonium is utilized in an LWR Pu/Th converter (Case 5L), the maximum nuclear 
penetration is 1000 GWe, which is a factor of two greater than for the throwaway cycle 
and, furthermore, the peak does not occur until more than 10 years later. Introduction 
of the FBR with a Pu-U core and thorium blankets (Case 6L) results in a peak penetration 
of 1250 GWe in about 2025. After 2025, the nuclear market fraction is constant because 
the system is essentially independent of uranium, which is becoming increasingly more 
expensive. 


With respect to U30g utilization, Fig. D-2e shows that the Pu/Th converter case has 
slightly better ore utilization (by 7%) than classical plutonium recycle in LWRs (Case 2L 
in Fig. D-2b). Furthermore, plutonium "transmutation" in Pu-U FBRs also has better U30, 
utilization (by 12%) than classical plutonium recycle in FBRs (compare Cases 3L and 6L). 

The reason for these trends is that the 233U fuel that is being bred is worth more as a fuel 
in thermal reactors than the plutonium that is being destroyed. 


The effect of a larger uranium supply on the market penetration for converters and 
FRBs that produce 2330 is shown in Figs. D-2f and 0-2g. For both cases (5 and 6), the 
large uranium supply increased the maximum nuclear penetration by about 450 GWe. Case 7L 
introduced a denatured 233U-fueled FBR to the 6L case, and Case 8L is identical to Case 
7L except that the FBR with a Pu-U core is replaced with an FBR with a Pu-Th core. The 
maximum nuclear penetration for Cases 7L and 8L are compared with 6L in Fig. D-2h. The 
denatured 235j-fueled FBR doesn't have any impact because this reactor is competing with 
less expensive 233U-fueled LWRs and therefore isn't built. The nuclear market penetration 
for Case 8L is seen to decrease after about 2020. This is because the neutronics 
properties of FBRs fueled with Pu-Th are degraded significantly from those fueled with 
Pu-U. As a result, the doubling time of these reactors is longer and the cost is higher. 
The degraded neutronics of the Pu-Th FBRs are reflected in the U30g utilization of Case 
8L where the ore usage per GWe is almost 50% higher than for Case 6L. 


The objective in building FRBs with Pu-Th cores is to increase the 235 production 
and therefore the ratio of reactors located outside the energy center to those inside the 


—— 
The nuclear reactors that are available in Case 5L with nuclear-fossil competition are 


similar to Case 5UL described in the other sections of this report. However, in 5L the 
denatured 2 %5U-fueled LWR isn't built because of economics. Therefore, the solution 
more closely resembles Case 5TL. 


meal 
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energy center. It can be seen from the nuclear power growth patterns for Cases 6L and 
8L, shown in Figs. D-2i and D-2j, that the energy support ratio. for Case 8L is higher. 
The degraded neutronics of the FBRs fueled with Pu-Th are reflected in the U30g utilization 


of Case 8L where the ore usage per GWe is almost 50% higher than for Case 6L (see Fig. 
D-2h). However, for most years the total amount of energy that is available to be built 
in the energy centers is about the same for Case 8L as it is for Case 6L because the 
total amount of nuclear energy is lower. 


Key selected results from the nuclear-fossil competition calculations are presented 
in Tables D-3 and D-4 for high-cost and intermediate-cost U0, supplies respectively. 
Each table presents the cumulative capacity of nuclear and fossil plants built through 
year 2050, the total system costs, the annual coal consumption in 2025, data on uranium 
and enrichment utilization, the installed capacity of each reactor type in year 2026, and 
the levelized power cost of each reactor type for a reactor starting up in year 2025. The 
most striking conclusion that can be drawn from the comparison of levelized power costs of 
each reactor type is that there isn't a large difference. The reason, of course, is that 
the total amount of uranium consumed doesn't vary much from case to case because when 
uranium becomes expensive, fossil plants are constructed in place of nuclear plants. This 
point is demonstrated in Table D-5, which shows the time behavior of the U30g price. It 
can be seen from this table that the differences in the price of U30g for the different 
nuclear systems are not large. 





Table D-3. 


Summary of Results for Cases Assuming High-Cost U30, Supply, an Electrical 


Energy Growth Projection, and Power Systems Including Both Nuclear and Coal Power Plants 


Qmulative Capacity Built 
(GWe) through 2050 
Nuclear 
Fossil 


System Costs ($B) 1977 
through 2050 Discounted @ 


Annual Coal gConsumption 
in 2025 (10° tons) 


Cumylative U,0 Consumption 
ao tons) trough 
2050 


Total Copnitted U0, through 
2050 (10° tons) ° 8 
Maximun. Amual Enrichnent 
Requirements through 2050 
(10° SWU/yr) 

Peeters Enrichment through 
2050 (10 
U,0 veitisationt®) 


aS (2) 
Enrjchnent Utilization 
qo SWU/GWe) 


3.55 


21, _3L 
1885 2663 
3731 2653 
17331701 
764 758 
470 468 
3.72 3.15 


4L SL 6L 
933 1684 2597 


1806 1724 1703 
791 761 760 
483 468 469 


3.18 4.85 4.37 


72 


54 (3) 65 . 7s 80 
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2.12 
5.04 


3.01 


3.11 2.89 2.53 3.40 3.11 
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1.96 1.09 2.71 2.02 1.20 





A Sk 
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3.68 3.69 
4.33 4.70 
4.37 4.77 
80 79 
(2011) (2015) 
3.11 3.37 
1.68 2.50 
1.20 1.77 


Installed Capacity (GWe) in Year 2026/Levelized Power Costs (Mil1/Kwhr) in Year 2025 


Reactor 1L 


36/23.2 
225/22.3 


LWR-US (LE)/U 


US{LE) /U-EE 
US (DE)/U/Th - 
U3 (DE)/U/Th - 
Pu/U - 
Pu/Th - 


FBR-Pu-U/U . 


Fossil 
Total Nuclear 
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U3-U/Th . 


2k 
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336/22.3 


aL 
513/20.8 
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1042 
1153 


4L" SL 6L 
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1 
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1736 1233 951 
459 962 1244 
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408/19.4 - 
- 104/22.6 
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951 1091 
1244 1104 





(1) 
(2) 
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Cumulative U30g comsumed through 2050 (including forward commitments) per cumulative 
nuclear capacity built through 2050. 
Cumulative enrichment requirements through 2050 per cumulative nuclear capacity built 


through 2050. 


Year in which maximum enrichment requirements occur. 
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Summary of Results for Cases Assuming Intermediate-Cost U30, Supply, 
an Electrical Energy Growth Projection, and Power Systems Including 


Cumulative Capacity Built 


(GWe) through 2050 


Nuclear 
Fossil 


System Costs ($B) 1977 


through 2050 Discounted @ 


Annual Coal,Consumption 


in 2025 (10 


tons) 


ative U,0 Consumption 


(10° tons) through 
2026 


2050 
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2050 (10° tons) 


38 


itted Us 0, through 


Maximum Annual Enrichment 
Requirements through 2050 
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Cumulat i ab oy Enrichment through 


2050 (10 


U,0, Utilization @) 
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1LU 2LU 
1257 2523 
4059 2793 
1732 1652 
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466 459 
4.13 2.28 
4.75 4.60 
6.10 7.44 
6.28 7.88 


93 103 
(2013) ©) (2025) 
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5.00 3.12 
3.02 1.93 


3LU 
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734 


458 


1.92 
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1.16 


4LU 
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3501 
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119 
(2011) 


4.78 
3.27 


2.63 


Both Nuclear and Coal Power Plants 


SLU 
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6LU 
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Installed Capacity (Gwe) in Year 2026/Levelized Power Costs (Mills/Kwhr) in Year 2050 
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Cumulative U30g, consumed through 2050 (including forward commitments) per cumulative 
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through 2050. 
Year in which maximum enrichment requirements occur. 
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